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Abstract

Mitosis is the last and the shortest stage of the cell cycle with the ultimate
goal of equal distribution of replicated genetic material into two daughter cells.
Proper execution of mitosis is very important for the maintenance of genomic
integrity. Failure of the accurate segregation of genetic material can lead to
aneuploidy as well as cell death. Aneuploidy is a common occurrence in cancer
cells and it can also lead to severe birth defects. The mitotic checkpoint is a
surveillance mechanism that regulates metaphase to anaphase transition and
ensures precise chromosome segregation during mitosis. The mitotic checkpoint-
signaling pathway is a biochemical system that involves multi-protein networks
present on kinetochores during mitosis. Therefore, understanding how these
mitotic checkpoint proteins regulate the function of this checkpoint has been the
focus of extensive research.

How the mitotic checkpoint signal is generated is widely studied however
far less is known about how the checkpoint is silenced. Here, we investigated the
mitotic checkpoint function of the human Spindly protein, which recruits the
dynein/dynactin complex to kinetochores, both of which are involved in
checkpoint silencing. I have characterized the kinetochore localization domain of
Spindly to its 294-605 C-terminal amino acids. Furthermore, I examined the
underlying molecular mechanism of Spindly kinetochore localization and
discovered that Spindly undergoes a posttranslational lipid modification known as

farnesylation on its C-terminal cysteine residue. Inhibition of farnesyl transferase
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enzyme with farnesyl transferase inhibitors prevented kinetochore localization of
Spindly. A key upstream regulator of Spindly kinetochore localization is an
essential checkpoint component, the RZZ complex. We showed that Spindly
farnesylation is essential for its interaction with the RZZ complex and hence its
kinetochore localization. Farnesylation transferase inhibitor was reported to cause
aberrant mitotic progression in cells over a decade ago and now my work has
reinforced the importance of farnesylation for the proper execution of mitosis
through Spindly kinetochore localization. I postulated that Spindly is likely the
primary mitotic target of farnesyl transferase.

Spindly is phosphorylated during mitosis and its phosphorylation sites are
located within the kinetochore localization domain. Here I show that Spindly
phosphorylation affects its kinetochore binding affinity and leads to premature
transport to spindle poles. I also demonstrate that Spindly becomes a dynamic
kinetochore component at metaphase kinetochores compared to prometaphase.
These results indicate that Spindly phosphorylation is perhaps the regulatory
mechanism for its release from kinetochores. Furthermore, 1 also identified
p50/dynamitin as a novel interaction partner of Spindly, potentially explaining the
dynein/dynactin kinetochore recruitment through Spindly. Together, these results
support a model where farnesylation regulates physical association of
Spindly/RZZ complex and Spindly acts as a direct linker between RZZ and the

dynein/dynactin complex.

iii



Preface

This thesis is an original work by Devinderjit K. Moudgil. Portions of this thesis

have been previously published as well as accepted for publication.

Chapter 3 of this thesis has been published as D.K. Moudgil, N. Westcott, J.K.
Famulski, K. Patel, D. Macdonald, H. Hang, and G.K.T. Chan, “A novel role of
farnesylation in targeting a mitotic checkpoint protein, human Spindly, to
kinetochores,” Journal of Cell Biology, vol. 208, issue 7, 881-96. 1 was
responsible for the experimental design, data collection and analysis as well as the
manuscript writing. N. Westcott performed click chemistry experiments on the
cell lysates metabolically labeled by me. J.K. Famulski constructed the random
insertion mutant library of hSpindly. K. Patel constructed hSpindly’s E, F and GG
mutants. D. MacDonald assisted with manuscript edits. G.K.T. Chan was the
supervisory author and was involved with experimental design and manuscript

writing.

Portions of Chapter 5 have been published in a brief Feature Editorial as D.K.
Moudgil and G.K.T. Chan, “Lipids beyond membranes; Farnesylation targets
Spindly to kinetochores,” Cell Cycle, vol 14, issue 14, 2185-2186. I wrote the
review and G.K. T Chan helped with editing the review.

Copyright permissions have been obtained for chapter 1 figures used from other

articles.

iv



Dedication

To my incredible parents & grandparents,
for their unwavering love and support

And also to the memory of my dear aunt ‘Amarjit Kaur Rakkar’



Acknowledgements

It has been an absolute privilege and honor to work in the Chan Lab. With
immense gratitude, I would like to express sincere appreciation for my supervisor
Dr. Gordon Chan. His expertise, enthusiasm, determination, and dedication to
science are truly inspiring. I am grateful to him for providing me freedom in my
research projects. I am also extremely thankful and grateful to my committee
members Dr. Roseline Godbout and Dr. Martin Srayko for all their assistance and
guidance over the years. Dr. Roseline Godbout has always been available for an
excellent advice and suggestions even at the most random h of the day throughout
the week. 1 would also like to thank Dr. Michael Weinfeld and my external
examiner Dr. Paul Maddox for taking the time to review my thesis and be a part
of my thesis defence committee. My gratitude also goes to our collaborators, Dr.
Howard Hang and Dr. Nathan Westcott at Rockefeller University. Also, a special
thank you to Dr. Luc Berthiaume for his assistance and suggestions regarding
farnesylation work.

This work would not have been possible without the immense support
from CCI Imaging facility and I am indebted to Dr. Xuejun Sun and Gerry Baron.
I also consider myself blessed for an opportunity to work with a number of
talented and interesting people at Cross Cancer institutes over the years. In
particular, I would like to thank Dr. Larissa Vos for her valuable research insights
and assistance throughout my Ph.D. career especially during the last two years.

Nothing of this would have possible without the continuous support and
encouragement of my husband, Navodit Moudgil, and my parents. I fall short of
words to express how much love and support I have received from my parents
throughout this journey. I would like to acknowledge my two little siblings, my

sister Rumi and my brother Raman for always being there for me for everything.

vi



Table of Contents

Chapter 1 INtroducCtion ......cccccceeiecssssnniccssssnnecsssssssesssssssssssssssesssssssssssssssssssssssssss 1
1.1 Cell Cycle and CheCKPOINLS ......cccounmsmmmmmsmsmssissssssssssssssssssssssssssssssssssssssssssssssssssssssasases 2
I L 01 6
1.3 The Mitotic SPINAIe .. —————— 9

B O O3 U 0 11 ) 00 L= PP 9
1.3.2 MICTOTUDULES ..ottt ssesssses s es s s ss s sssesssens s 11
1.3.3 CNTOIMOSOIMIES ....ccureueereeuseeseeesesssessesseesssessesssess s s sessse s s ss s sss st s bbb 12
1.4 The CENIOMETe ......coouvmnmnmsisismsmsmssssssssssssss s s sssssasasasss s sssssssssssssssasasassssssess 14
1.4.1 Centromeric DNA SEQUEINCE ......covrmrrrnmessesmsessssssssessssessesssssssssssssssssssssssessssssssssssess 14
1.4.2 Epigenetic control of centromere formation ........ooeeenseeneeseesseeseesesneees 15
1.5 The Kinetochore: Dynamic and Hierarchical Assembly.........ccounmnnsesesasnns 18
1.5.1 The constitutive centromere-associated NetWOrK .......coeoneereeenneesseceseeens 22
1.5.2 KIMN NEEWOTK...oeieieerieeeeeeseesesse e st sesssesssss e s sessss s sessss s bsss st sasssesasessnes 25
1.5.3 MItOtiC KINASES. . iueeeereesreetseeeseesseesesssssesssesssssse s sssssssessssssssssssssssssssssssssssssssssssssees 26
1.6 Kinetochore-Microtubule Attachment ..........ccunnin———— 31
1.6.1 Classic search and capture Model ... eessessesseens 31
1.6.2 Self-assembly of spindles or chromatin pathway ..., 32
1.6.3 Lateral attaChments ......oceeeeereseeseessessessseessssssssessesssssssssessesssssssssssssssssssees 35
1.6.4 End-0n attaChmEnts ...ttt ssensseesssssssssssss s ssssssessssssssanes 35
1.6.5 Error-correction mechanism by Aurora B Kinase ... 36
1.7 The Mitotic Checkpoint and Mitotic Checkpoint Proteins........c.cussererarans 39
1.7.1 Anaphase promoting compleX/CyClOSOME .......ooreereerernrerreenemseessesseessesseessesssenns 42
1.7.2 Mitotic checkpoint COMPIEX. . 43
1.7.3 The RZZ complex and SPindly......ocoeenmeeneeseenseeseesessessesssesssessssssssssssessessees 46
1.7.4 Mitotic checkpoint and CANCET ......coeeenreereeretseieeseesses e ssesssessssssans 53
1.8 Mitotic Checkpoint SilenCing.......c.omsmsmsmsmmsmismsssssss . 55
1.8.1 Dynein/Dynactin StrIPPING ...ueecereerernmesseesreessessesssssessssssesssessssssssssssssssssssssssssssssssns 55
1.8.2 p31comet mediated MCC diSasSeMDIY ......ccccriereeneereeneeret s 58
1.9 Protein Prenylation. ... sssssssssssssssssssssssssasssssssssss 60
1.9.1 FArNeSYIatiON ... ceseeeeeeesseeeeese et seesse s e s sessss s sessse st 60
1.9.2 Farnesyl transferase inhibitors ... 64
1.9.3 Farnesylated mitotic proteins: CENP-E and CENP-F ..o 65

vii



1.10 THeSiS FOCUS..ccuummmrmmmmrmrsmmssmsassssssssssssssssssssssssnsssssnssssssssssssssssssassnssnssassnsssssassssssnssnssars 67

Chapter 2 Experimental Procedures.........cceiievvercscsercssercssnercsssnncssssscssssesnns 68
5 0 10 01 69
2.2 Mutagenesis and SiRNA ... s 69
2.3 Cell culture and Synchronization ..., 70
2.4 Transient TransSfeCtions ... ———————————— 70
2.5 Western Blotting.......cssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 71
2.6 FIuorescence MiCIrOSCOPY ...cmsmmmsmsmsmsmssssssssssssssssssssssssssssssssssssasasassssssssssssssssssssns 71
2.7 Fluorescence Quantification ... 73
2.8 MBP Spindly and Rat anti hSpindly Antibody Production.........cccucusussnsnanns 73
2.9 Metabolic Labeling, Click Chemistry Reactions and In-gel Fluorescence
IMAGING. ..o 74
2.10 Immunoprecipitation and GFP Trap......ccmsmsssssssss 76
2.11 Live-Cell IMagINg......ccccuumssusnssismssmsmsmsmssssssssssssssssssssssssssssssssssssssssssasasssssssssssssssssssaes 77
2.12 Fluorescent Recovery After Photobleaching (FRAP)......ccccocvnmnssnscssasasenss 77
2.13 YeaSt TWO-HYDIId ... ssssssssssaes 78
2.13 Statistical ANAlYSiS......ummmmmmmmmm s ————————— 79
2.14 Reagent and Buffer ReCipes ... 80

Chapter 3 A novel role of farnesylation in targeting a mitotic checkpoint

protein, human Spindly, to Kinetochores...........cccoveicvseicssneicssnicssnnecssnnccsnnecns 88
K 300 U2 1o o - U 89

K 3728 § 01 0 X0 11 et 1) o 90
3.3 RESUILS it 93
3.3.1 hSpindly kinetochore localization is dependent on its C-terminus............. 93

3.3.2 FTI treatment abrogated hSpindly kinetochore localization without

affecting the RZZ complex, CENP-E and CENP-F kinetochore localization...... 106
3.3.3 hSpindly CPQQ motif can be substituted with other farnesylation motifs
.......................................................................................................................................................... 114

3.3.4 hSpindly is farnesylated on its C-terminal cysteine residue and

farnesylation is essential for its interaction with the RZZ complex.......cccc.c...c. 119

3.3.5 hSpindly depletion and FTI treatment have similar mitotic phenotype 126
3.4 DiSCUSSION it s s 132

viii



Chapter 4 Phospho Regulation of hSpindly and dynein/dynactin complex

recruitment through hp50 subunit.......cccceiieivvniiciicnniccsisnnicssssnnrccsssnssecssnnns 142
30 2 L 1 0 o Tt 143
4.2 INtroducCtion: ... ——————————— 144
4.4 RESUILS ... s s 147

4.4.1 hSpindly has numerous phosphorylation sites within the kinetochore
JEaTor=101/= 1w [o) o W o) 44 =1 b o U PPN 147
4.4.2 Mutation of hSpindly phosphorylation sites leads to altered kinetochore
LYo 112210 10 ) o OO OO PO TSSOV 153
4.4.3 Kinetochore dynamics of WT-hSpindly and phospho mutants ........c....... 162
4.4.4 Inhibition of Plk1 and Mps1 kinase affects hSpindly kinetochore

LYo 112210 10 ) o OO OO TP TOT O TPRIT 167

4.4.5 hSpindly interacts with human p50/dynamitin (hp50), a subunit of the

dynactin complex in the yeast 2-hybrid SyStem.......cooeeeneemeenneereneesneesseeseeseennes 170
T ST D) T o1 b L7 L0 ) o 175
Chapter 5 DiSCUSSION c.ccovveereciirnricssssannecsssnnscsssssssessssssssssssssssssssssssssssssssssssssass 179
5.1 SYNOPSIS ciurrsmmsmsmsmssssssssssssssssssssssssssssssssssssssssssssssasasassssssssssssssssssssssssssasasasssssssssssssssssanss 180
5.2 hSpindly Kinetochore Localization........ssssssssssasasas 182
5.3 hSpindly and the RZZ Complex CONNECtioNs .......ccocemmmsssmsmsmsmsssnsnsssssassssssnsns 183
5.3 hSpindly Kinetochore Residency Patterns.......mmmmssmsismssssssssnss 185
5.4 Role of hSpindly in Checkpoint Silencing ... 187
5.5 hSpindly Cytoplasmic FUNCHiON ... sssssssssasasasass 188
5.6 Farnesylation and mitotic checkpoint inhibition through Spindly for
CANCEr treatMeNt ... nnas 189
RECIENCES ..cccueieiinieiinieiiniinstiecstticsteessnteessssecsssseesssseessssnessssssssssssssssesssssssssanes 192
APPENUIX uuurrriiiiirniecssssariesssssresssssssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssss 229

ix



List of Tables

Table 1.1: Comparison of Spindly function in different organisms shows

conserved function in dynein recruitment but differences in terms of

checkpoint activation through Mad1/Mad2 recruitment.........c...cccevveruennee 50
Table 2.1 Composition of buffers and solutions. ...........ceeceeveerciierieniiieriecieeee. 81
Table 2.2 Primary antibodies ..........ceccueieiiiiieeiiiieciie ettt 82
Table 2.3: hSpindly and hCENP-F cloning and truncation mutant primers.......... 83
Table 2.4: hSpindly deletion mutant Primers...........cceccvereveerieenieeneenieeree e 84
Table 2.5: hSpindly and hCENP-F mutant substitution primers ............c.cccceeuev. 85

Table 3.1: hSpindly random insertion mutants show that the far C-terminus is
required for kinetochore localization. ...........cccceeeiiieniieeniieeee e 99

Table 4.1: Predicted serine (S) and threonine (T) phosphorylation sites in

hSpindly using GPS 3.0. ....oooiiiiiee e 149
Table 4.2: Kinases predicted by GPS3.0 to phosphorylate sites reported by

PhosphOSite PIUS.......coooiiieiiiiecieeeee et 151
Table 4.3: hSpindly phospho-mimics and their kinetochore localization........... 158



List of Figures
Figure 1.1: Cell cycle is divided into interphase and mitosis. .........ccccveercvveerneennns 4

Figure 1.2: Cell cycle progression is controlled by three major checkpoints G/S,

G2/M and mitotic checkpoint. ............cccuieriiiiiiiniiiiieeee e 5
Figure 1.3: Different phases of mitosis results in chromosome segregation into

tWO daughter CElIS. ...ooiiiiiiiiiee e 8
Figure 1.4: Components of the mitotic spindle...........ccccceeviiriiieniiniiiinieniieenne 10

Figure 1.5: Schematic representation of genomic centromere organization of
eukaryotic organisms ShOWS diVETSItY. ....cccccvvereriieeriieeriee e 17
Figure 1.6: Comparison of kinetochore structure using conventional fixation (left)
and high-pressure freezing/freeze substitution (right) using electron
TNICTOSCOPY. «veeuvreureenteenireaseesureeseessseenseessseaseessseeseessseenseessseenseessseaseesssesnses 20
Figure 1.7: Relative positions of the kinetochore proteins to CENP-I (set to 0)
based on distance measurements (delta measurements). .........ccccceveeeveennnee. 21
Figure 1.8: Kinetochore architecture showing its components in interphase and
TIITEOSIS. vttt ettt ettt ettt sttt et sa ettt sb et e et s bt e bt et s b e et et sae e b enees 24
Figure 1.9: Mitotic kinases regulating cell cycle progression at different stages. 30
Figure 1.10: Mitotic spindle assembly models: (A) Random search and capture &
(B) Self-assembly/chromatin pathway/ acentrosomal. .............ccccccveerirennnenne 34
Figure 1.11: Kinetochore-MT attachment errors and correction mechanism....... 37
Figure 1.12: Schematic diagram representing Aurora B error correction
mechanism dUring MItOSIS. ....cccveeeeveeeriieeeriieerieeereeeereeeereeeaeeeerreesaeeeeens 38
Figure 1.13: MCC complex inhibits APC/C compleX. .......ccccevvverienenienienennen, 45
Figure 1.14: A schematic representation of selective proteins in the inner, outer
and fibrous corona of the kinetochore. ...........cccooeiiiiiiiiiiniiie, 51
Figure 1.15: A schematic representation of the dynein/dynactin complex subunits
and ternary complex between dynein, dynactin and Spindly. ........c..cccc..... 52
Figure 1.16: Mitotic checkpoint silencing through dynein/dynactin mediated
StrippIng and P31, .o e 59

Figure 1.17: Schematic representation of protein prenylation............ccccecuveennnee. 62

xi



Figure 1.18: Schematic representation of the steps involved in the farnesylation

process mediated by FTase. .....cc.eoeeviiiiiieeiiiicieece e 63
Figure 3.1: Endogenous hSpindly kinetochore localization during mitosis. ........ 94
Figure 3.2: hSpindly C-terminal is required for kinetochore localization. ........... 96

Figure 3.3: Expression of hSpindly mutant library using western blot analysis. . 97
Figure 3.4: hSpindly far C-terminal residues are required for kinetochore
10CALIZALION. ...t 100
Figure 3.5: Far C-terminal residues of hSpindly are essential for kinetochore
1OCAIIZATION. ...ttt ettt 102
Figure 3.6: Kinetochore localization of GFP-hSpindly insertion mutants. ........ 104
Figure 3.7: Kinetochore localization of EGFP-hSpindly deletion and substitution
TIUEAIIES. .ttt ettt ettt et st et st e e e sat e e beesareeneenae 105

Figure 3.8: Spindly C-terminal residues are highly conserved in different species.

Figure 3.9: Inhibition of farnesylation abrogates kinetochore localization of
hSpindly but not the RZZ compleX..........cccooeeviiiiiiiniiiiiiieeeeeeeeee 108
Figure 3.10: hSpindly kinetochore localization is abrogated with FTI treatment in
breast cancer and melanoma cell lines without affecting Rod kinetochore
10CALIZALION. ...t 109
Figure 3.11: Inhibition of farnesylation does not affect CENP-E and CENP-F
kinetochore localization. .............ooouiiiiiiiiiiiiiiee e 111
Figure 3.12: Farnesylation motif of CENP-F is not required for kinetochore
10CALIZALION. ...ttt 113

Figure 3.13: hSpindly farnesylation motif can be substituted with CENP-E or

Figure 3.14: Expression of hSpindly mutants and hCENP-F mutant using western
DIOt ANALYSIS. 1oovviiiiiiiiieeiieiieeie ettt ens 118
Figure 3.15: hSpindly is farnesylated i7 Vivo..........ccccoovievciieiieniiiiecieeiee, 120
Figure 3.16: Inhibition of farnesylation abrogates hSpindly interaction with the
RZZ COMPIEX. ...eviiiiieeieeee ettt s saee e 122
Figure 3.17: Knockdown of hSpindly protein in HeLa cells using siRNA. ....... 124

xii



Figure 3.18: Inhibition of hSpindly farnesylation abrogates its interaction with the
RZZ COMPIEX. ...vviiiiieeieeee ettt s eaee e 125
Figure 3.19: FTI treatment leads to mitotic accumulation in HeLa cells. .......... 128
Figure 3.20: Phenocopying of farnesylation inhibition with hSpindly knockdown
DY SIRINAL ettt ettt 129
Figure 3.21: Comparison of mitotic duration of FTI-treated and Spindly

knockdown cells show enhanced prometaphase-metaphase delay in Spindly

Knockdown CelIS......couiiiiriiiiiiiiiiieee e 131
Figure 3.22: A schematic representation of hSpindly domains. ......................... 133
Figure 3.23: A proposed model of hSpindly kinetochore localization. .............. 138

Figure 4.1: Schematic of hSpindly C-terminus showing phosphorylation sites.150
Figure 4.2: hSpindly PSP phospho-sites are not conserved in different species. 152
Figure 4.3: Enhanced localization of hSpindly non-phosphorylatable mutants at
spindle poles during prometaphase and metaphase. ...........ccccceeeevveevveennee. 154
Figure 4.4: Enhanced localization of hSpindly double non-phosphorylatable
mutants at SpINAle POLES. ......cceeevieiiiiiiiie e 155
Figure 4.5: hSpindly non-phosphorylatable mutants localized to kinetochores
under vinblastine treatment showing polar localization is MT dependent. 156
Figure 4.6: hSpindly single phospho-mimics localized to kinetochores in
untreated and vinblastine treated HeLa cells similar to WT-hSpindly. ...... 159
Figure 4.7: hSpindly double phospho-mimics showing enhanced streaming on the
mitotic spindle, transport to spindle poles at prometaphase but not
accumMUIAtion at POLES. .....c.eeeiviiriieiieie e 160
Figure 4.8: hSpindly double phospho-mimics showing normal kinetochore
1OCAIIZATION. ...ttt e 161

Figure 4.9: hSpindly shows rapid turnover at metaphase but not at prometaphase.

Figure 4.10: Correct expression of siRNA resistant WT-hSpindly and hSpindly
phospho mutants using western blot analysis. ........ccccecveeriiieeiiieccieeseeens 165
Figure 4.11: Kinetochore localization of siRNA resistant hSpindly phospho

INYUBAIIES . ceeeveiieee et eeeetee e e e ettt te e eeeee e et aaaa e eseeeeetessaenaseseeeeesssnnnnneseeeeens 166

xiil



Figure 4.12: Mps|1 inhibitor treatment leads to loss of hSpindly kinetochore
1OCAIIZATION. ...ttt 168
Figure 4.13: Plk1 kinase regulates the RZZ complex and hSpindly kinetochore
10CALIZALION. ... 169
Figure 4.14: hSpindly interacts with the hp50 subunit of dynactin through the
Spindly motif and its C-terminuS. .........cccueeeciieeriiieeriie e 171
Figure 4.15: hSpindly interacts with hp50 subunit of dynactin complex. .......... 173
Figure 4.16: Immunoblots showing correct size expression of hSpindly mutants
(prey) and PS50 (DAIL). ....eeervieeriieeieeeee e e e 174
Figure 4.17: Model of hSpindly phosphorylation regulating its kinetochore
10CcaliZatioN PAtLEIN. ...cc.vieeieeiieiieeiieiee e ettt et 178
Figure 5.1: Farnesylation targets hSpindly to kinetochores and hSpindly regulates
the checkpoint silencing pathways..........ccccvveeriieeiieeeiiieceece e 181
Figure A.1: hSpindly has reduced kinetochore occupancy in a subset of breast
cancer cell lines similar to Zw10. .......ccccoooiiiiiiiniiniiineeeeeee 233
Figure A.2: hSpindly robustly localizes to kinetochores devoid of MT
AEACKIMENTS. 1...iiiiiiiii e e 235
Figure A.3: hSpindly protein expression is variable in breast cancer cell lines and
does not correlate with their localization pattern. ...........cccceeecveevienieenennne. 237
Figure A.4: WT-GFP-Zw10 expressing cells rescue normal Zw10 kinetochore
localization in MDA-MB-231 cells. ....c.cccoiiiiiiiiiiiiiiieeeeeeeee 239
Figure A.5: WT-GFP-Zw10 expressing T47-D cells display a heterogeneous
population with normal as well as absence of kinetochore localization of

GEP-ZW10...coiiiiiiiiiiiii e 241

Xiv



List of Symbols, Abbreviations and Nomenclature

Symbols

~ approximately

+/- plus/minus or positive/negative
% percentage

°C degree Celsius

a alpha

B beta

Y gamma

A delta

Abbreviations

aa amino acid

ACA anti centromere antigen

Alk-FOH Alkynyl-Farnesol

APC/C Anaphase Promoting Complex/Cyclosome

APCCdn! Cdhl activated Anaphase Promoting Complex/Cyclosome
AP(CCde20 Cdc20 activated Anaphase Promoting Complex/Cyclosome
ATP adenine triphosphate

bp base pair

BSA bovine serum albumin

BUB budding uninhibited by benzimidazole

CCAN constitutive centromere associated network

CCD charge coupled device

Cdk cyclin dependent kinase

cDNA complementary DNA

CENP centromere protein

co-IP co-immunoprecipitation

CPC chromosome passenger complex

CREST autoimmune disease (calcinosis, Raynaud’s phenomenon,

esophageal dysmotility, sclerodactyly and telangiectasia)

XV



C-terminus
Da

DAPI
DMEM
DNA
EGFP
FRAP
FTase

FTI

gxg)
Gl

G2

gal
GAVE
GDP
GFP
GST
GTP

H2A

H2B

H3

HCI

HIS

KMN

kD

1/ml/pl
m/mm/pm
M/mM/uM
M

carboxy terminus

Dalton

4’ ,6-diamino-2-phenylindole

Dulbecco’s Modified Eagle’s Medium
deoxyribonucleic acid

enhanced green fluorescent protein
fluorescence recovery after photobleaching
farnesyl transferase

farnesyl transferase inhibitor

gram

gravity (measure of relative centrifugal force)
gap phase 1

gap phase 2

galactose

autoimmune disease (gastric antral vascular syndrome)
guanosine diphosphate

green fluorescent protein

glutathione —S-transferase

guanosine triphosphate

hour

histone H2A

histone H2B

histone H3

hydrochloric acid

histidine

KNL-1, Mis12 and Ndc80 network
kilodalton

liter/ milliliter/ microliter
meter/millimeter/micrometer

molar/ millimolar/ micromolar

mitosis

XVi



MBP
MAD
Mad2-O
Mad2-C
MAPs
MCAK
MCC
mCherry
min
MT(s)
MTOC
n

NA
NDGA
NEB
N-terminus
OD

pS0
PAGE
PBS
PCR
PEI

Plk1
PP1
raff
Rod

SDS
SD

Maltose binding protein

mitotic arrest deficient

open confirmation of Mad2

closed confirmation of Mad2
microtubule associated proteins
mitotic centromere-associated kinesin
mitotic checkpoint complex
monomeric Cherry fluorescent protein
minutes

microtubules(s)

microtubule organizing center
number of samples

numerical aperture
Nordihydroguaiaretic acid

nuclear envelope breakdown
amino terminus

optical density

dynamitin

polyacrylamide gel electrophoresis
phosphate buffered saline
polymerase chain reaction
polyethylenimine

log[H+]

polo-like kinase 1

protein phosphatase 1

raffinose

Roughdeal

complex of Zw10, Rod and Zwilch
synthesis

sodium dodecyl sulfate

standard deviation

xvii



siRNA
STLC
Tin
TRP
URA
WT
Zwl10
Zwint-1

small interfering ribonucleic acid

S-trytil-L-cystine

time to achieve 50% recovery of fluorescence in FRAP
tryptophan

uracil

wild type

Zeste white 10

Zeste white 10 interacting protein

xviii



Chapter 1 Introduction



1.1 Cell Cycle and Checkpoints

The cell cycle is a highly regulated process that is conserved from single
cell organisms such as yeast to multicellular organisms such as humans, in which
a cell proceeds through a tightly ordered series of events and divides into two
genetically identical daughter cells. The cell cycle is broadly divided into
interphase and mitosis. Interphase is further composed of three stages: Gapl (G1),
Synthesis/ DNA replication (S), and Gap2 (G2) (Figure 1.1). In Gl1, the cell
enlarges and synthesizes materials for DNA replication in S phase. Cells can enter
a quiescent stage called GO during G1 and stop dividing. Progression through the
cell cycle accompanied by screening for errors by surveillance mechanisms called
checkpoints, which halt cell cycle progression in the presence of an anomaly. The
cell cycle is controlled by 3 checkpoints. The G1/S checkpoint ensures the cell is
large enough and ready to undergo genome duplication. The G2/M checkpoint
ensures complete DNA replication and error correction. The mitotic checkpoint
also known as the spindle assembly checkpoint ensures bi-polar alignment of
duplicated chromosomes on the metaphase plate (Figure 1.2). Five cyclin
dependent kinases (CDKs) function along with their activating protein partner,
cyclin, to promote cell cycle progression as shown in Figure 1.1 {reviewed in
(Vermeulen et al., 2003)}. CDK-cyclin complexes phosphorylate their specific
substrates and regulate the transition into the next cell cycle phase. GO quiescent
stage is achieved by hypophosphorylated retinoblastoma (RB) protein that binds
to and sequesters the transcription factor E2F required for transcription of genes
for entry into S phase (Henley and Dick, 2012). Growth factors stimulate the
activation of Cdks, which phosphorylate RB protein leading to S phase entry.
Upon faithful completion of DNA replication in S phase, the cell enters G2 phase
during which the cell continues to grow and prepare for entry into mitosis. Mitotic
entry is delayed in the presence of DNA damage to allow time for DNA repair.
The G2 arrest is achieved through phosphorylation of CHK1/2 protein kinases by
ATM and ATR, which further phosphorylate and inactivate the Cdc25
phosphatase (Sanchez et al., 1997). Cdc25 activity is required for Cdkl



dephosphorylation, which allows entry into mitosis. Alternatively, in the presence
of microtubule (MT) poisons, p38 kinase suppresses Cdk activity and prevents
entry into mitosis through CHFR (checkpoint with forkhead and ring finger
domains) protein regulation (Matsusaka and Pines, 2004; Sanchez et al., 1997).



Cyciin B>

Figure 1.1: Cell cycle is divided into interphase and mitosis.

Interphase is composed of G1 phase, S phase and G2 phases. Association of D
type cyclins with CDK4 and 6 promotes G1 entry. The cyclin E-Cdk2 complex
facilitates transition from G1 to S phase. In S-phase, the cyclin A-Cdkl complex
is required and at the end of G2, this complex promotes entry into mitosis. The
cyclin B-Cdkl complex is required during mitosis. Cyclin levels increase or
decrease during different phases of cell cycle. Mitosis is further comprised of
different phases explained in Figure 1.3. Adapted from (Vermeulen et al., 2003).
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Figure 1.2: Cell cycle progression is controlled by three major checkpoints
G/S, G2/M and mitotic checkpoint.

G1/S checkpoint ensures that the cell is ready to undergo DNA replication. G2/M
checkpoint regulates entry into mitosis by ensuring complete DNA replication,
allowing time for DNA repair if required. Mitotic checkpoint is active from entry
into mitosis and governs metaphase to anaphase transition and ensures that two
daughter cells receive equal genetic material.



1.2 Mitosis

Mitosis is a highly controlled and dynamic cell cycle process in which a
cell divides into two daughter cells. Despite being the shortest phase of the cell
cycle (1 hour out of 24 hour for a typical human cell), mitosis is a very complex,
ordered and well-defined process that ensures the genomic integrity of the two
daughter cells. Scientists have been studying mitosis since the 1880s and the term
mitosis (mitos means thread in Greek) was coined by German anatomist Walther
Flemming due to the thread like appearance of chromosomes. Significant progress
has been made in the understanding of mitosis since then, however, the detailed
molecular mechanisms are still incomplete. Mitosis is composed of 5 stages:
prophase, prometaphase, metaphase, anaphase and telophase followed by
cytokinesis (Figure 1.3). Entry into prophase begins with DNA condensation and
nuclear envelope breakdown (NEBD). DNA condenses into compact
chromosomes with sister chromatids attached to each other at their centromeres
through cohesins from S-phase up to metaphase (Guacci et al., 1997; Michaelis et
al., 1997). Replicated centrosomes segregate and migrate to opposite poles of the
cell to generate a bi-polar mitotic spindle. In prometaphase, centrosomes nucleate
MTs from centrosomes and emanating spindle MTs form contacts with
chromosomes through kinetochores, specialized mitosis-specific proteinaceous
structures positioned at centromeres. Chromosomes are often observed to form a
ring like pattern during prometaphase referred to as a rosette arrangement. Within
a rosette, maternal and paternal chromosomes are arranged on opposite sides,
establishing chromosome topology throughout the cell cycle (Nagele et al., 1995),
however, a later study has argued against such a spatial arrangement (Bolzer et
al., 2005). A cell is defined to be in metaphase when all the chromosomes are bi-
polarly attached to spindle poles and are under equal tension leading to alignment
of chromosomes at the center of the cell called the metaphase plate. Sister
chromatids aligned on the metaphase plate physically separate from each other
(degradation of cohesins) during anaphase. Anaphase is further sub-divided into

anaphase A and anaphase B. The initial physical separation of sister chromatids is



defined as anaphase A. During anaphase B, spindle poles move further apart and
the sister chromatids rapidly move towards the opposite spindle poles. In
telophase, the chromatids reach the spindle poles, the nuclear envelope reforms
and cleavage furrow formation starts at the site of the metaphase plate also known
as the spindle midzone. Finally, during cytokinesis nuclear envelope formation is
complete and the two daughter cells physically separate from each other at the
cleavage furrow dividing the cytoplasm. Many machines are required for mitosis
including centrosomes, centromeres, mitotic spindles and kinetochores as
discussed in detail in later sections.

To ensure two daughter cells receive equal genetic material, cells have
evolved a surveillance mechanism called the mitotic checkpoint that prevents
transition from metaphase to anaphase in the presence of unaligned chromosomes.
I will be focusing on the mitotic checkpoint regulation machinery in this thesis.
Failure of the mitotic checkpoint has been closely linked to aneuploidy, which is a
hallmark of most solid tumors, and mutations in mitotic checkpoint proteins have
been linked to mitotic checkpoint dysfunction and cancer (Cahill et al., 1998; Dai
et al., 2004; Michel et al., 2001; Wang et al., 2004b). Detailed mitotic checkpoint

mechanism at the molecular level is discussed later in this chapter.
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Figure 1.3: Different phases of mitosis results in chromosome segregation
into two daughter cells.

Visualization of individual chromosomes due to chromatin condensation at the
beginning of prophase. Kinetochores formed on the chromosomes form links with
the microtubules arising from centrosomes during prometaphase. All the
chromosomes align at the spindle equator called the metaphase plate during
metaphase. Sister chromatids are separated from each other and pulled towards
spindle poles at anaphase. At telophase, nuclear envelope reformation begins
along with DNA decondensation initiation. Adapted from (Walczak et al., 2010).



1.3 The Mitotic Spindle

Accurate division of the replicated genetic material into two daughter cells
is dependent on a MT-based mitotic spindle. The interphase MT network of the
cell disassembles to form the more organized anti-parallel arrays of the mitotic
spindle during mitosis. The mitotic spindle is composed of centrosomes (spindle

poles), MTs and chromosomes (Figure 1.4).

1.3.1 Centrosomes

In mammalian cells, the centrosome is a complex organelle consisting of a
pair of centrioles surrounded by pericentriolar material also known as centrosome
matrix and it nucleates and spatially organizes MTs of the spindle (Figure 1.4)
(Doxsey, 2001; Urbani and Stearns, 1999). Centrosomes contain more than 100
proteins and are also called MT organizing centers (MTOC) (Bettencourt-Dias
and Glover, 2007). The mother centrosome is duplicated during S phase of the
cell cycle and the two daughter centrosomes separate during prophase. MT
nucleation is initiated in the centrosome matrix and requires the multi-subunit vy -
tubulin ring complex (y-TURC). y-TURC consists of 13 y-TURC tubulins along
with pericentrin and acts as a base layer for a-tubulin and B-tubulin dimers for
MT nucleation (Gunawardane et al., 2000; Zheng et al., 1995). The two
centrosomes are held at their locations by the forces generated by MTs as
discussed in the next section. Oocytes of some animal species and mitotic cells of
higher plants assemble their spindles in the absence of centrosomes (Compton,
2000). Furthermore, absence of centrosomes (by micro-surgical removal, laser
ablation or mutations) in Drosophila and human cells does not interfere with the
spindle assembly and chromosome segregation indicating that centrosomes are
dispensable for chromosome segregation (Basto et al., 2006; Khodjakov et al.,
2000; Nahaboo et al., 2015). Despite the presence of centrosome-redundant
mechanisms during mitosis, the centrosome is essential for cell cycle progression
during G1 phase and centrosomal abnormalities are frequently observed in cancer

cells (Chan, 2011; Khodjakov and Rieder, 2001; Rieder et al., 2001).



- : Sister Astral
1. &
el Rescue i A chromafid microtubules

BEE 8 GTP wbulin
8 GDP tubulin

K-fiber

o Centrosome
_ Chromosome & Molecular motor & Microtubule
) i depolymerizing
© Kinetachore S8 - . proteins

Figure 1.4: Components of the mitotic spindle.

Duplicated centrosomes migrate to the two opposite ends and generate astral MTs
shown in light gray. MTs that form links with the kinetochores are shown in dark
gray and referred as K-fibers. Microtubules continuously switch between growth
(rescue) and shrinkage (catastrophe) phase as shown in the inset. Motor proteins
cross-link microtubule bundles, regulate microtubule dynamics and function in
chromosome movement. Adapted from (Walczak and Heald, 2008).
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1.3.2 Microtubules

MTs are dynamic polarized filaments composed of a-tubulin and B-tubulin
dimers with a fast-growing plus end exposing B-tubulin and a slow-growing
minus end exposing o-tubulin (Desai and Mitchison, 1997; Mitchison and
Kirschner, 1984). Typically 13 protofilaments are associated laterally head to tail
to generate a hollow MT filament of 25nm diameter (Nogales et al., 1999). As
mentioned earlier, MTs are dynamic structures with minus ends embedded at
centrosomes/MTOC and plus ends extending away from centrosomes (Figure
1.4). MTs switch between growth (polymerization) and shrinkage
(depolymerization), a property termed as dynamic instability (Desai and
Mitchison, 1997; Mitchison and Kirschner, 1984). MTs grow through the addition
of a-B-tubulin heterodimer subunits at the plus ends. A GTP molecule is
hydrolyzed to GDP upon incorporation into the protofilament and the GDP bound
form of tubulin is unstable (Mitchison and Kirschner, 1984). Dynamic instability
of MTs is facilitated by MT-associated proteins (MAPs) (Olmsted, 1986). MAPs
can promote MT growth (e.g. CLIP170, EB1, CLASP1 and MAP4) or MT
shrinkage (e.g. Kinl, Stathmin and MCAK), and some MAPs can promote both
MT polymerization and depolymerization (e.g. ch-TOG) (Maiato et al., 2004b).
Furthermore, structural polarity (minus and plus ends) of MTs due to asymmetric
tubulin subunits allows motor proteins such as dynein (minus end directed) and
kinesin (plus end directed) to move the cargo along MTs according to the polarity.
MT motor proteins such as dynein and NuMA also anchor MTs at the MTOC
(Compton, 1998; Silk et al., 2009). In chapter four, I will address the mechanism
of kinetochore localization of dynein during mitosis in detail. Spindle MTs can be
differentiated into astral and kinetochore-fibers (K-fibers) as shown in Figure
1.4. Astral MTs grow out of centrosomes with plus ends facing away from
centrosomes and anchor the mitotic spindle. K-fibers are spindle MTs that make
end-on attachment with the chromosomes. Astral MTs that do not form contact
with chromosomes, but instead interact at the spindle midzone, are referred to as

interpolar MTs.
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In addition to their kinetochore-MT attachment function, forces generated
by MTs also help in sister chromatid separation during anaphase, spindle
positioning and spindle shape. K-fiber depolymerization (Desai et al., 1998;
Mitchison and Salmon, 1992; Skibbens et al., 1993; Zhai et al., 1995) and sliding
of K-fibers on adjacent MTs (Elting et al., 2014; Sikirzhytski et al., 2014) are
shown to contribute to sister chromatid separation during anaphase A. The
interpolar MTs from two opposite poles slide against each other in the center of
the spindle and exert repulsive forces on the centrosomes, maintaining their
separation and also contributing to centrosome movement during anaphase B
(Brust-Mascher et al., 2004; Dumont and Mitchison, 2009; Khodjakov et al.,
2004; Mogilner and Craig, 2010; Tolic-Norrelykke et al., 2004). In addition,
tension generated by the bipolar K-fiber attachment also helps in positioning of
the mitotic spindle (Dumont and Mitchison, 2009; Mogilner and Craig, 2010).
MT-associated motor proteins play a major role in the above functions of the
mitotic spindle (Brust-Mascher et al., 2004; Khodjakov et al., 2004; Rogers et al.,
2004; Tolic-Norrelykke et al., 2004).

1.3.3 Chromosomes

The mitotic spindle is ultimately responsible for chromosome alignment at
metaphase and separation of sister chromatids at anaphase. Hence chromosomes
serve as a substrates for the mitotic spindle rather than a corpse at a funeral as
stated in the past (Earnshaw and Carmena, 2003; Mazia, 1961). However on the
flip side Bucciarelli et al., showed that two Drosophila mutants lacking
chromosomes could assemble mitotic spindles and undergo cytokinesis
(Bucciarelli et al., 2003). This observation clouds the area further regarding
whether chromosomes are active participants of the mitotic spindle or not.

Chromosomes play an important role in acentrosomal spindle formation
discussed in detail later (Section 1.6.2). In addition, sister chromatids undergo
cohesive and repulsive forces leading to structural chromatin changes to aid their

own separation during anaphase. These opposing forces are due to the presence of
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cohesins and condensin protein complexes (which counteract cohesin forces) on
chromosomes (Hirano, 2015). Furthermore, chromatin size and geometry is an
important determinant factor of spindle size during mitosis (Dinarina et al., 2009).
Chromosomes have also been shown to stabilize spindle MTs through their
attachment to kinetochores. A kinetochore is a large proteinaceous complex
assembled on the centromeres of chromosomes during late G2-M phase. It links

chromosomes to spindle MTs, and is the site for mitotic checkpoint activity.
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1.4 The Centromere

The centromere is the primary constriction of condensed chromosomes
and is a site for cohesin binding of sister chromatids. The multi-protein
kinetochore structure assembles on the centromere during late G2/M and serves as
a site for MT attachment and mitotic checkpoint activity. Budding yeast, which
are the simplest eukaryotic organisms, have point centromeres defined by a
specific DNA sequence. Yeast centromeres are not as complex as human
centromeres and only have one MT attachment for each chromosome. However,
C. elegans assemble holocentric centromeres, which are formed along the length
of the chromosomes (Albertson and Thomson, 1993; Buchwitz et al., 1999;
Maddox et al., 2004). Human centromeres have multiple subunits leading to
multiple kinetochore-MT attachments. Centromere site specification and number

of subunits is highly regulated for error free mitosis.

1.4.1 Centromeric DNA sequence

The centromere site was initially thought to be defined by a specific DNA
sequence on the chromosomes. Surprisingly, the DNA sequence at the centromere
locus is not conserved among different organisms, however, protein components
of the centromere are conserved in these organisms. Saccharomyces cerevisiae is
the only organism that shares three conserved centromeric DNA sequences for all
chromosomes and forms a 116—125 base pair sequence sufficient for centromere
formation (Clarke and Carbon, 1983). In Schizosaccharomyces pombe, the
repetitive centromeric DNA sequences are variable in different species as well as
in chromosomes of the same cell (Willard, 1991).

Human centromeric DNA is composed of AT-rich alpha (a) satellite DNA
repeats (Manuelidis, 1976) and ranges in size from 250 to 5,000 kb (Figure 1.5).
a-satellite DNA is composed of 171-bp repeat units termed a-I satellite arranged
in a head to tail fashion (Gray et al.,, 1985; Manuelidis, 1976). A sequence
comparison of these individual repeat units reveals a ~60-80% sequence identity

(Rudd and Willard, 2004). De novo centromere assembly was shown to be
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dependent on centromeric DNA in yeast and human cells (Harrington et al., 1997,
Takahashi et al., 1992). The topic of sequence basis of centromere specification
has been debated since centromeres were shown to form on DNA lacking o
satellite repeats (du Sart et al., 1997; Voullaire et al., 1993). However, these
unusual centromeric DNA sites tend to be AT-rich similar to normal centromeric
sites (du Sart et al., 1997). In addition, evidence showing that a satellite repeats
are not sufficient for centromere formation comes from dicentric human
chromosomes formed by Robertsonian translocation. Such chromosomes form
only one functional kinetochore despite the presence of two centromeric regions
(Warburton et al., 1997). These two lines of evidence indicate that a satellite
repeats are neither necessary nor sufficient for centromere function. A few studies
suggested proximity to heterochromatin plays a role in the formation of neo-
centromere (Ishii et al., 2008; Olszak et al., 2011) but exceptions have been
reported (Alonso et al., 2003). As compared to the role of centromeric DNA in
centromere specification, conserved protein components of the centromere
suggest an epigenetic regulation of centromere formation rather than DNA

sequence.

1.4.2 Epigenetic control of centromere formation

Centromere protein components were first identified using sera from
patients with the auto-immune disease CREST (calcinosis, Raynaud phenomenon,
esophageal dysmotility, sclerodactyly, and telangiectasia), which recognized these
centromere antigens (Earnshaw and Rothfield, 1985). The chromatin consisting of
CENP-A instead of a canonical histone H3 marks the kinetochore formation site
of the centromere (Blower et al., 2002; Palmer et al., 1991). Human centromeres
contain both CENP-A and histone H3 containing nucleosomes as shown in Figure
1.5. CENP-A serves as a key component of centromere formation and is well
conserved in eukaryotes.

CENP-A is the most extensively studied centromere protein and is crucial
for the formation of the centromere and kinetochore. CENP-A knockdown leads

to a kinetochore null phenotype and is lethal in all organisms studied to date
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(Blower and Karpen, 2001; Howman et al., 2000; Liu et al., 2006; Regnier et al.,
2005). Contrary to histone loading during S-phase, CENP-A loading occurs in
early G1 phase of the cell cycle (Hemmerich et al., 2008; Schuh et al., 2007).
CENP-A loading to centromeres is dependent on a complex consisting of
hMis18a (missegregation 18a), hMis18PB, and M18BP1 (Misl8 binding protein)
and this complex is accumulated at the centromere site in late mitosis and Gl
phase of the cell cycle (Fujita et al., 2007; Maddox et al., 2007). Mis18 is also
required for the recruitment of HJURP (Holliday junction recognition protein) to
centromeres in late telophase and early G1, and HJURP promotes CENP-A
centromere loading. In addition to Mis18 and HJIURP, other factors such as ligase
for ubiquitylation (Niikura et al., 2015), GTPase activating protein (MgcRacGAP)
(Lagana et al., 2010; Perpelescu et al., 2009) and chromatin-remodeling factor
(Rsf-1 & Suv39h) also play a role in CENP-A assembly (Perpelescu et al., 2009;
Peters et al., 2001). Centromere assembly and specification has been a topic of
extensive research and future discoveries will hopefully shed more light on this

complex process.
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Figure 1.5: Schematic representation of genomic centromere organization of
eukaryotic organisms shows diversity.

Budding yeast (Saccharomyces cerevisiae) centromere consists of a single CENP-
A containing nucleosomes specified by 125 base pair sequence. DNA sequences
specifying centromere are named CDEI (centromere DNA element I), CDEII and
CDEIIL. Fission yeast (Schizosaccharomyces pombe) regional centromeric DNA
consists of a unique central core region (cnt) surrounded by inverted repeat
sequences (imr) and flanking repetitive outer repeat sequences (otr) forming
heterochromatin, which extends from 35-110 kilo base pair. Human centromeric
DNA consists of 171 bp alpha satellite DNA repeats tandemly organized in higher
order repeats. Centromeric DNA consists of CENP-A nucleosomes interspersed
with histone H3 flanked by pericentromeric heterochromatin. CENP-B, a highly
conserved centromere protein binds to a 17 base pair motif called the CENP-B
box in centromeric DNA. The number of MTs to which centromere binds also
varies in different organisms. Adapted from (Yamagishi et al., 2014)
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1.5 The Kinetochore: Dynamic and Hierarchical Assembly

The kinetochore is a transient macromolecular proteinaceous structure
assembled on centromeric chromatin during late G2-M phase of the cell cycle. It
links chromosomes to spindle MTs, and is the site for mitotic checkpoint activity.
Kinetochores were first identified by electron microscopy as a trilaminar plate
like structure on centromeric chromatin of each sister chromatid (Brenner et al.,
1981; Brinkley and Stubblefield, 1966; He and Brinkley, 1996; Jokelainen, 1967).
The innermost electron dense centromere layer consists of structural proteins that
are constitutively associated with centromeres during the cell cycle. The middle
translucent layer links the inner kinetochore components with the outer
kinetochore proteins. The outer electron dense layer consists of proteins that are
responsible for MT attachment. The outermost fibrillar-like region is electron
opaque and is termed the fibrous corona (Figure 1.6). The fibrous corona
disappears upon MT attachment indicating the dynamic nature of kinetochores
during mitosis (Cheeseman and Desai, 2008; Dong et al., 2007). The McEwen
group later performed a sophisticated study using high pressure freezing and
freeze substitution instead of conventional fixation methods that extract
cytoplasmic components and can lead to subtle or more pronounced structural
changes in kinetochore structure in a quest to uncover kinetochore structure
(McEwen et al., 1998). In their study, they discovered a refined kinetochore
structure with a distinct thick mat of light-staining fine fibers corresponding to the
outer plate, establishing contacts with centromeric heterochromatin and a zone
analogous to the fibrous corona suggesting that the middle layer seen with
conventional fixation protocols is an artifact (Figure 1.6) (McEwen et al., 1998).
Kinetochore assembly occurs in a step-wise process with ~100 proteins building
the kinetochore in a hierarchical and interdependent manner (Ohta et al., 2010).
The Salmon lab performed nanometer scale measurements of the outer
kinetochore components using super resolution microscopy revealing similar
stoichiometry and position of subcomplexes across species (Joglekar et al., 2009;

Joglekar et al., 2008; Joglekar et al., 2006; Wan et al., 2009). The relative
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locations of various proteins in the fibrous corona (RZZ complex, Spindly, and
Mad1-Mad2- discussed in detail in section 1.7.3) were recently mapped providing
insight into spatial relationships of these kinetochore components (Varma et al.,
2013). Relative locations of different checkpoint proteins are very informative to
better understand kinetochore organization as well as provide an idea regarding
proteins that interact with each other. Functions of all the kinetochore proteins, as
shown in Figure 1.7, are discussed in later sections. Researchers dissecting the
kinetochore composition and assembly face major challenges such as transient
formation of insoluble kinetochore protein complexes and mounting increase in

the number of kinetochore proteins forming many intermediate complexes.
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Figure 1.6: Comparison of kinetochore structure using conventional fixation
(left) and high-pressure freezing/freeze substitution (right) using electron
microscopy.

The outer plate (op) of the trilaminar kinetochore structure is separated from
centromeric heterochromatin by a translucent middle layer (ml). The fibrous
corona extends from the exterior of outer plate. The kinetochore on the right
shows the outer plate as a fibrous mat-like structure (fm) lacking the middle
translucent layer seen on the left and the corona appears as a cytoplasmic
exclusion zone (black arrows). White arrows indicate heterochromatin. Adapted
from (McEwen et al., 1998).
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Figure 1.7: Relative positions of the kinetochore proteins to CENP-I (set to 0)
based on distance measurements (delta measurements).

Relative positions of various kinetochore proteins are shown. Positive value
distance proteins are located towards the spindle MTs and negative value proteins
are positioned towards the centromeric DNA. The vertical lines indicate the
minimum and maximum Delta values measured across the variation in centromere
stretch. Functions of all these proteins are discussed in detail in the next sections.
Adapted from (Varma et al., 2013). (OVarma et al., 2013. Originally published in
Journal of Cell Biology. doi: 10.1083/jcb.201304197)
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1.5.1 The constitutive centromere-associated network

Kinetochore assembly is transient and cell cycle regulated, which makes it
challenging to define its precise mechanism at the molecular level (Cheeseman
and Desai, 2008; Liu et al., 2006; Vos et al., 2006). Nevertheless, extensive
research has characterized temporal order and interdependency of many inner and
outer kinetochore proteins. The constitutive centromere-associated network
(CCAN) consists of seventeen proteins that reside at the centromeric DNA
throughout the cell cycle (Figure 1.8) (Cheeseman and Desai, 2008). These
proteins were copurified with either CENP-A nucleosomes or other subunits of
CCAN in human cells (Foltz et al., 2006; Izuta et al., 2006; Obuse et al., 2004b;
Okada et al., 2006). A novel CENP-X protein copurified with CENP-S and was
added to the list of CCAN proteins (Amano et al., 2009). The detailed function of
each component of the CCAN is not known but each one is essential for
kinetochore assembly and function (Amano et al., 2009; McClelland et al., 2007,
Okada et al., 2006; Regnier et al., 2005). The CCAN proteins interact with CENP-
A-containing histones and establish a links with chromosomes (Nishino et al.,
2012). Furthermore, the CCAN recruits the KMN complex (described in detail
next), which is required for kinetochore-MT attachment and checkpoint signaling.

The kinetochore localization of CENP-C (of CCAN) is dependent on
CENP-A nucleosomes (Carroll et al., 2010; Kato et al., 2013) and it interacts with
the outer kinetochore components (Przewloka et al., 2011; Screpanti et al., 2011).
CENP-A overexpression leads to localization of CENP-A and CENP-C at ectopic
sites, along with Zwint-1 (Zw10-interacting protein 1), indicating that CENP-A
and/or CENP-C might be interacting with Zwint-1 (Saunders et al., 1993). Zwint-
1 is involved in the kinetochore localization of the RZZ complex and my studies
in this thesis are focused on the RZZ complex mediated checkpoint function
through Spindly (discussed in detail in section 1.7.3). CENP-H and CENP-I
kinetochore localization is interdependent as well as dependent on CENP-A
(Figure 1.8) (Nishihashi et al., 2002). The kinetochore-localization of CENP-C
and CENP-U is dependent on CENP-H and CENP-I (Minoshima et al., 2005;
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Nishihashi et al., 2002) and CENP-C binds to Mis12 complex. The second DNA
binding complex consists of CENP-T, W, S and X proteins and CENP-T binds
Ndc80 complex of the KMN network (described in detail next) (Schleiffer et al.,
2012). The assembly of both the CENP-C and CENP-T complexes is regulated by
mitotic phosphorylation downstream of CDK (Gascoigne and Cheeseman, 2013).
CENP-C directly binds to Mis12 and CENP-T to Ndc80 and thus the CCAN acts
as a scaffold for the assembly of outer kinetochore complexes (Gascoigne et al.,

2011; Kim and Yu, 2015; Schleiffer et al., 2012; Screpanti et al., 2011).
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Figure 1.8: Kinetochore architecture showing its components in interphase
and mitosis.

A schematic representation of the general organization of the kinetochore. The
assembly of kinetochore components is complex, hierarchical and interdependent.
The CCAN directly interacts with DNA and consists of 17 proteins (all protein
components not shown here). The CCAN proteins bind to the KMN
(KNL1/Blinkin, Mis12, Ndc80/Hecl) protein subunits in mitosis. The CCAN and
KMN together form the inner and outer kinetochore. The KMN further recruits
the regulatory kinetochore proteins present in the fibrous corona such as the RZZ
complex and Mad2. All the protein complexes are discussed in detail in the text.
Adapted from (Cheeseman, 2014). Cold Spring Harb Perspect Biol
2014;6:a015826. Copyright © 2014 Cold Spring Harbor Laboratory Press; all
rights reserved; doi: 10.1101/cshperspect.a015826
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1.5.2 KMN network

The outer kinetochore consists of the conserved KMN network (Figure
1.8) named after its protein subcomplexes: KNLI1/Blinkin (kinetochore null
protein 1), Misl2 (missegregation 12), Ndc80/Hecl (nuclear division cycle
80/highly expressed in cancer 1). The KMN network members localize to
kinetochores from late G2 to telophase. The KMN network forms a specialized
binding site for spindle MTs (Cheeseman et al., 2006; Cheeseman et al., 2004;
Obuse et al., 2004a; Przewloka et al., 2011) and helps in anaphase chromosome
movements by coupling chromosome movement to MT depolymerization (Tooley
et al., 2011). The KMN network binds MTs as well as centromeric DNA and is
conserved across eukaryotes. I discuss the hypothetical idea of KMN function
regulation by Spindly through the RZZ complex in this thesis.

The Mis12 complex (composed of Mis12, Dsnl, Nsll1 and Nnfl proteins)
interacts directly with CENP-C of the CCAN (Przewloka et al., 2011; Screpanti et
al., 2011). The Mis12 complex also interacts with KNL1 (Maskell et al., 2010),
the Ndc80 complex and Zwint-1 (Cheeseman et al., 2004; Obuse et al., 2004a;
Petrovic et al., 2010). Furthermore, the Misl2 complex also interacts with
heterochromatin proteins HPla and HP1ly (Saunders et al., 1993), which are
essential for Mis12 kinetochore recruitment (Obuse et al., 2004a). This finding
explains the importance of heterochromatin in kinetochore assembly. The Mis12
complex is localized to centromeres throughout the cell cycle and its depletion
leads to kinetochore structural defects due to mislocalization of kinetochore
proteins and chromosome segregation errors (Goshima et al., 2003; Kline et al.,
2006). Mis12 proteins bind to both KNLI and Ndc80 and hence Mis12 complex
serves as a link between the two complexes (Gascoigne and Cheeseman, 2013;
Petrovic et al., 2014).

KNL1/Blinkin interacts directly with Bubl, Bub3 and Zwint-1 and recruits
these proteins to kinetochores (Kops et al., 2005). KNL1 phosphorylation by
Mpsl1 kinase is a pre-requisite for the recruitment of Bubl and Bub3 proteins

(London et al., 2012; Shepperd et al., 2012; Yamagishi et al., 2012) and hence
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mitotic checkpoint activation (Krenn et al., 2014; Primorac et al., 2013; Vleugel et
al., 2013). KNLI interacts with the Nsl1 and Dsnl subunits of the Mis12 complex
as mentioned above. Hence, KNL1 acts as a linker between outer kinetochore
components and fibrous corona protein components. KNL1 is also believed to
have a role in MT attachment (Cheeseman et al., 2006; Kiyomitsu et al., 2007).

The Ndc80 complex is a heterotetramer consisting of heterodimers of
Spc24-Spc25 (spindle pole component) and Ndc80/Hecl-Nuf2 (nuclear
filamentous 2) (Ciferri et al., 2005; Wei et al., 2005). The Spc24-Spc25 globular
domain, pointing towards the centromere, binds to Mis12 (Petrovic et al., 2010)
and CCAN components (Bock et al., 2012). The Ndc80-Nuf2 globular domain
pointing away from the centromere mediates interactions with MTs of the spindle
(Cheeseman et al., 2006; Ciferri et al., 2008; Guimaraes et al., 2008; Wei et al.,
2007). Disruption of Ndc80 function leads to gross kinetochore-MT attachment
defects along with chromosome mis-segregation (DeLuca et al., 2002).
Additionally, the Ska (spindle and kinetochore associated) complex (Skal, Ska2
and Ska3) assists in kinetochore-MT interactions by associating with the
depolymerizing end of MTs (Daum et al., 2009; Hanisch et al., 2006; Welburn et
al., 2009). Although challenging, future research will explain the complete
molecular architecture of the kinetochore in detail.

To conclude, the KMN network acts as a landing pad for kinetochore
checkpoint proteins of the fibrous corona and is the core site for MT attachment

on kinetochores.

1.5.3 Mitotic kinases

Phosphorylation is a robust and reversible protein post-translational
modification that is extensively used in cell growth, differentiation, apoptosis and
cell cycle progression. In Chapter 4, I have addressed how Spindly
phosphorylation affects its kinetochore localization and function. To date,
numerous mitotic kinases have been identified with functions such as centrosome

duplication/maturation, mitotic spindle formation, kinetochore assembly and
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checkpoint regulation. Mitotic kinases include but are not limited to Cdk1, Aurora
A-C, Bubl, Bub3, BubR1, Plkl, Mpsl and NEK kinases as shown in Figure 1.9
reviewed in (Ma and Poon, 2011). Here I discuss checkpoint regulation by kinases
present at kinetochores that are relevant to this thesis.

Activity of Cdkl in complex with cyclin B is required for entry into
mitosis, at which point it phosphorylates BubR1 (Porter and Donoghue, 2003;
Wong and Fang, 2007). The Cdkl-cyclin B complex phosphorylates several
subunits of APC/C®*?* and thus generates a negative feedback loop for its own
destruction by APC/C (Kraft et al., 2003). Cdk1 phosphorylates Cdc20 and hence
controls mitotic checkpoint silencing through its degradation (Miniowitz-Shemtov
et al, 2012). Cdkl-cyclin Bl regulates mitotic spindle formation by
phosphorylating MAPs, MT motor proteins and tubulin (Blangy et al., 1995;
Fourest-Lieuvin et al., 2006).

Aurora A kinase present at centrosomes regulates centrosome maturation
and entry into mitosis (Barr and Gergely, 2007; Bayliss et al., 2003; Lioutas and
Vernos, 2013). Aurora B function is discussed in detailed under kinetochore-MT
error correction mechanism in a later section. Little is known about Aurora C,
which is expressed in testis. Aurora C is proposed to have the same function as
Aurora B since it rescues the Aurora B multinucleation phenotype (Sasai et al.,
2004). Aurora B kinase recruits the RZZ complex and Spindly to kinetochores
through Zwint-1 phosphorylation (Ditchfield et al., 2003; Kasuboski et al., 2011).
Aurora B kinase also phosphorylates Dsnl subunit of the Misl2 complex and
recruits KMN network to kinetochores (Yang et al., 2008).

Bubl and BubR1 kinases act sensors of unattached kinetochores and are
recruited to kinetochores during prophase. Bubl is mainly known to protect sister
chromatid cohesion on centromeric chromatin by regulating the localization of
Shugoshin protein which preserves centromeric cohesion (Kitajima et al., 2005).
The role of Bubl in checkpoint activation is controversial as depletion of Bubl in
human cells results in robust checkpoint activity in response to MT poisons

(Johnson et al., 2004; Morrow et al., 2005). However, Bubl depletion in human
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and Drosophila cells leads to chromosome segregation errors perhaps through
Aurora B mislocalization (Basu et al., 1999; Musio et al., 2003). Bubl also
phosphorylates Cdc20 and inhibits APC/C®? activity thus preventing anaphase
onset (Tang et al., 2004). In this section, I will briefly discuss the function of the
kinases implicated in Spindly phosphorylation as well as kinases that localize to
kinetochores during mitosis.

Bubl phosphorylates histone H2A and recruits the chromosome cohesin
regulator Shugosin (Kawashima et al., 2010; Yamagishi et al., 2010). BubR1 is a
component of the mitotic checkpoint complex, which recruits Cdc20 to
kinetochores (Lischetti et al., 2014) that inhibit the activity of APC/C during
mitosis. Interaction between BubR1 and CENP-E is known to enhance its kinase
activity, however, once CENP-E is bound to MTs, it suppresses BubR1’s kinase
activity for reasons that remain to be investigated (Chan et al., 1999; Mao et al.,
2003; Mao et al., 2005; Yao et al., 2000). Based on these results, Chan et al.
(1999), hypothesized that the BubR1 and CENP-E complex acts as a
mechanosensor of kinetochore-MT attachments. However, this hypothesis is
disputed by the observation that BubR1 kinase activity is not essential for mitotic
checkpoint activation and the yeast homologue of BubR1 (Mad3) lacks kinase
activity (Chen, 2002; Elowe et al., 2010).

Mpsl1 is an essential checkpoint kinase and has functions ranging from
centrosome duplication to mitotic checkpoint regulation (Liu and Winey, 2012).
Mps1 has been shown to phosphorylate itself (Mattison et al., 2007) as well as
Daml (in yeast) (Jelluma et al., 2008; Shimogawa et al., 2006), Madl (in yeast)
(Hardwick et al., 1996), CENP-E (in Xenopus) (Espeut et al., 2008) and the
Borealin subunit of CPC in humans (Jelluma et al., 2008). Studies dissecting the
requirement of Mpsl in centrosome duplication yielded contradictory results
showing that Mps1 deleted human cell lines underwent centrosome duplication
{reviewed in (Liu and Winey, 2012)}. Mpsl kinetochore localization is required

for kinetochore recruitment of the RZZ complex (Santaguida et al., 2010), Madl,
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Mad2 (Santaguida et al., 2010), Bub1/Bub3 (Shepperd et al., 2012) and CENP-E
(Abrieu et al., 2001) and hence checkpoint activation.

Polo-like kinase 1 (Plk1) kinase is the most extensively studied member of
the five Plk family members (Plk1-5). Plk1 kinase localizes to both centrosomes
and kinetochores and is implicated in centrosome maturation, kinetochore-MT
attachment and chromosome segregation during mitosis {reviewed in
(Archambault and Glover, 2009)}. Plk1 homozygous mutations in mice are lethal
and mice with heterozygous mutations develop tumors (Lu et al., 2008). Plkl
phosphorylates Cdc25 and thus activates Cdkl (Roshak et al., 2000). A
Phosphoepitope (3F3/2) generated by Plkl at kinetochores regulates the
association of various checkpoint proteins such as Mad2, CENP-E, Hec1/Ndc80,
Spc24, and Cdc20 (Ahonen et al., 2005). Plk1 is also required for the removal of
most cohesin during prophase and prometaphase (Sumara et al., 2002). In
addition, Plkl along with Cdkl phosphorylate different sites of APC/C and
activate the Cyclosome (Golan et al., 2002).

Overall, mitotic kinases play a major role in mitotic checkpoint signaling

during mitosis.
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Figure 1.9: Mitotic kinases regulating cell cycle progression at different
stages.

A brief description of the function of these mitotic kinases is provided in the
section 1.6.4. Adapted from (Nigg, 2001).
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1.6 Kinetochore-Microtubule Attachment

Kinetochores must physically link with MTs of the mitotic spindle in a bi-
polar manner for equal segregation of genetic material into two daughter cells. A
human kinetochore can bind 20-30 microtubules (McEwen et al., 1997). The
physical attachment between MTs and kinetochore involve both lateral and end-
on attachments. Mature kinetochore-MT attachments result in rapid removal of
checkpoint proteins from kinetochores leading to checkpoint silencing. I present a
possible role for Spindly in kinetochore-MT attachment formation and how
kinetochore-MT attachments affect the kinetochore localization pattern of Spindly
during mitosis in chapter 4. There are two proposed mechanisms of kinetochore-
MT attachment: Classic search and capture model and the self-assembly model.

These models are described below.

1.6.1 Classic search and capture model

According to the search and capture model, centrosome nucleated MTs
search the cytoplasm and randomly establish contacts with kinetochores resulting
in monoploar attachment and stabilization of MTs (Figure 1.10) (Holy and
Leibler, 1994; Kirschner and Mitchison, 1986). These mono-oriented
chromosomes rapidly move toward the attached spindle pole and wait for MTs
from the opposite pole to make contact with the sister chromatid. Upon bi-polar
attachment chromosomes rapidly move towards the metaphase plate and oscillate
due to opposing forces from the two spindle poles. While this model is supported
by increased turnover of mitotic MTs and the dynamic nature of MTs (Desai and
Mitchison, 1997), computational studies indicate that this model does not explain
the rapid kinetochore-MT attachment in cells (Wollman et al., 2005).
Furthermore, mitotic spindle assembly in mutant flies lacking centrosomes (Basto
et al., 2006) and meiotic chromosome segregation in the absence of spindle poles
brings into question the basis of the search and capture model (Heald et al., 1997;

Khodjakov et al., 2000).
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1.6.2 Self-assembly of spindles or chromatin pathway

The ‘self assembly’ model proposes that acentrosomal MTs are nucleated
in the vicinity of chromosomes and organized into bi-polar spindles with the help
of motor proteins (Figure 1.10) (Albertson and Thomson, 1993; McKim and
Hawley, 1995; Szollosi et al., 1972; Theurkauf and Hawley, 1992). Oocytes of
most animal species and mitotic cells of higher plants assemble their spindles in
the absence of centrosomes (Compton, 2000). Furthermore, depletion of
centrosomes (by micro-surgical removal, laser ablation or mutations) in
Drosophila and human cells and meiotic chromosome segregation in C. elegans
does not interfere with the spindle assembly and chromosome segregation
indicating that centrosomal initiation of the mitotic spindle is dispensable for
chromosome segregation (Basto et al., 2006; Khodjakov et al., 2000; Nahaboo et
al., 2015). Additionally studies have shown that kinetochores are not essential for
the formation of the spindle as prokaryotic DNA lacking centromeric chromatin
show proper spindle formation at metaphase (Karsenti et al., 1984), however,
kinetochores are essential during anaphase for proper chromosome segregation.
Assembly of the mitotic spindle by the addition of magnetic beads coated with
plasmid DNA in Xenopus egg extracts lacking kinetochores and centrosomes
demonstrated that MT nucleation around chromatin is sufficient for mitotic
spindle generation (Heald et al., 1996). Acentrosomal spindles were proposed to
sort their MTs according to polarity with the help of MT motor proteins (Heald et
al., 1996).

MT nucleation independent of centrosomes was observed to arise from
regions proximal to kinetochores (Khodjakov et al., 2000; Khodjakov et al., 2003;
Maiato et al., 2004a; Tulu et al., 2006). This kinetochore-MT nucleation was
induced by the addition of a small GTPase called Ran in Xenopus egg extracts
(Carazo-Salas et al., 2001; Kalab et al., 2002; Ohba et al., 1999; Wilde and
Zheng, 1999). RanGEF (guanine exchange factor), RCC1 (Regulator of
chromosome condensation) creates a Ran GTP gradient around chromosomes,

which further generates an environment for MT nucleation (Kalab et al., 2002).
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MTs generated by Ran GTP gradient orient their minus end towards the spindle
poles and their plus ends towards the kinetochores similar to centrosomal MTs
and eventually make contacts with kinetochores (Khodjakov et al., 2003).
Kinetochore nucleated MTs interact with motor proteins such as dynein and
NuMa to crosslink with centrosomal MTs. Cross-linking between kinetochore and
centrosomal MTs leads to the attachment of kinetochore-MTs to centrosomes and
they form a common spindle {reviewed in (Wadsworth and Khodjakov, 2004)}.
Kinetochore-fiber (K-fiber) formation and maturation also aligns the mono-
oriented chromosomes at the metaphase plate. The un-attached kinetochore can
further form lateral connections with the mature K-fibers of other chromosomes
leading to congression on the metaphase plate (Kapoor et al., 2006). In
conclusion, a cell may rely on both classic search and capture and self-assembly

spindle pathways to generate a mitotic spindle.
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Figure 1.10: Mitotic spindle assembly models: (A) Random search and
capture & (B) Self-assembly/chromatin pathway/ acentrosomal.

According to search and capture, centrosomal nucleated MTs probe the cytoplasm
randomly and establish kinetochore-MT attachment. According to the self-
assembly model, MTs are nucleated in the periphery of chromosomes and these
MTs are sorted according to polarity by MT associated motor proteins to
assemble a mitotic spindle. The kinetochore pulled towards the centrosome is
called leading kinetochore and the opposite sister kinetochore is called the lagging
kinetochore. Adapted from (Walczak and Heald, 2008).
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1.6.3 Lateral attachments

Initially, MT polymers form lateral attachments with the kinetochores
during prometaphase. These lateral interactions require MT motor CENP-E, a
plus end directed motor and dynein/dynactin, a minus end directed motor (Sharp
et al., 2000b) (Vitre et al., 2014). Dynein/dynactin plays a role in chromosome
movement facilitating kinetochore-MT attachments as well as MT capture during
prometaphase (Bader and Vaughan, 2010; Howell et al., 2001; Yang et al.,
2007b). Monopolar chromosomes move towards the middle of the cell with the
help of the CENP-E kinesin motor to make a contact with the MTs from the
opposite pole (Kapoor et al., 2006; Yen et al., 1992). CENP-E laterally attaches to
k-fibers of aligned chromosomes and ferries unaligned chromosomes to the
metaphase plate (Kapoor et al.,, 2006). MT motors allow initial lateral
kinetochore-MT attachments and further enhance the chances of robust end-on bi-

polar attachments.

1.6.4 End-on attachments

Eventually all the chromosomes establish end-on MT attachments through
their kinetochores. End-on attachments are crucial for accurate chromosome
segregation during anaphase. However, chromosomes can engage in a number of
erroneous kinetochore-MT attachments during prometaphase. Monopolar
chromosomes fail to attach one kinetochore to MTs. Syntelic chromosomes attach
both kinetochores to the same pole and merotelic chromosomes have one
kinetochore attached to both poles (Figure 1.11). All of these kinetochore-MT
attachment errors result in severe chromosome segregation defects and ultimately
aneuploidy if not corrected. Aneuploidy is a hallmark of most solid tumors and
can result in cell death as well (Cimini and Degrassi, 2005). Aurora B kinase

plays a key role in the correction of kinetochore-MT attachments.
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1.6.5 Error-correction mechanism by Aurora B Kinase

Aurora B was first identified in a yeast mutant with a loss of function
mutation in the Ip// gene (Aurora B homologue) and this mutant exhibited high
rates of improper kinetochore-MT attachments leading to chromosome
missegregation (Chan and Botstein, 1993). Aurora B kinase along with Inner
Centromere protein (INCENP), Survivin and Borealin form the Chromosomal
Passenger complex (CPC) (Earnshaw and Bernat, 1991; Vagnarelli and
Earnshaw, 2004). The CPC localizes to the inner centromere during prometaphase
and metaphase, and localizes to the spindle midzone at anaphase (Earnshaw and
Bernat, 1991; Vagnarelli and Earnshaw, 2004). Aurora B kinase destabilizes the
kinetochore-MT attachments by phosphorylating the Ndc80/Hecl complex (Chan
et al.,, 2012; DeLuca et al., 2006), Skal complex (Chan et al., 2012), and
deactivating MCAK which depolymerizes MTs (Figure 1.11) (Knowlton et al.,
2006; Lan et al., 2004; Ohi et al., 2003). Phosphorylation of Aurora B substrates
promotes kinetochore-MT dissociation and hence generates unattached
kinetochores. Generation of tension across sister kinetochores upon bi-polar
attachment spatially separates Aurora B and its substrates (Figure 1.11) (Liu et al.,
2009). Additional studies on Aurora B suggested it functions in the mitotic
checkpoint independent of its tension-sensing error correction pathway (Kallio et
al., 2002; Petersen and Hagan, 2003). A recent study showed that Aurora B
destabilizes only end-on attachment leading to phosphorylation of Ndc80 and
destabilizes end-on attachments. The lateral attachments not sensed by the Aurora
B pathway lead to the formation of stabilized bi-polar end-on attachments

(Kalantzaki et al., 2015).
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Figure 1.11: Kinetochore-MT attachment errors and correction mechanism.
Top panel shows bi-polar kinetochore-MT attachment (amphitelic), sister
chromatid kinetochores attached to one pole (syntelic) and one kinetochore
attached to both poles (merotelic). Lower panel shows the detection of improper
kinetochore attachment (merotelic) by Aurora B kinase and recruitment of kinesin
MCAK. The latter destabilizes spindle MTs, generates an unattached kinetochore
and subsequently promotes amphitelic attachment. Adapted from (Walczak and
Heald, 2008)
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Figure 1.12: Schematic diagram representing Aurora B error correction
mechanism during mitosis.

(A) Aurora B phosphorylates kinetochore protein complexes in the absence of
tension due to their proximity to the kinase. (B) Bi-polar kinetochore-MT
attachments generate tension across sister chromatids as well as within
kinetochore components due to opposing forces exerted by MTs from opposite
poles and hence physically separates Aurora B from its substrates. Conversely
lack of tension due to improper kinetochore-MT attachments leads to Aurora B
mediated phosphorylation of its substrates and destabilization of kinetochore-MT
attachments. (C) Schematic of CPC and its phosphorylation during lack of tension
and in the presence of tension. Adapted from (Santaguida and Musacchio, 2009).
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1.7 The Mitotic Checkpoint and Mitotic Checkpoint Proteins

During cell division, the faithful segregation of genetic material into two
daughter cells is controlled by the mitotic checkpoint (Musacchio and Salmon,
2007). Failure of the mitotic checkpoint has been closely linked to aneuploidy,
which is a hallmark of most solid tumors, and mutations in mitotic checkpoint
proteins have been linked to mitotic checkpoint dysfunction and cancer (Cahill et
al., 1998; Dai et al., 2004; Michel et al., 2001; Wang et al., 2004b). The mitotic
checkpoint prevents cells from entering anaphase until all the chromosomes are
bi-polarly attached to spindle microtubules (MTs) through their kinetochores and
are under tension (Musacchio and Salmon, 2007). Chemical inhibition of mitotic
spindle formation prevents the metaphase-anaphase transition during mitosis
(Jordan et al., 1992; Sluder, 1979). Mitotic checkpoint proteins were first
identified in two studies, which isolated yeast mutants that failed to halt the cell
cycle in the presence of MT poisons such as nocodazole and benomyl. The first
group of mutants were named madl (mitotic arrest deficient), mad2 and mad3
(BubR1 in higher eukaryotes) (Li and Murray, 1991) and the second group of
mutants were named bubl (budding uninhibited by benzimidazole, a MT
depolymerizing drug), bub2, and bub3 due to impaired microtubule formation
(Hoyt et al., 1991). Subsequently, the Mps/ kinase (Monopolar Spindle) yeast
mutant was observed to fail to arrest in mitosis upon disruption of spindle
formation (Weiss and Winey, 1996). The function of mitotic checkpoint proteins
is also required for cell cycle delay in response to mutation of centromeric DNA
and dysfunctional kinetochore indicating the role of the mitotic checkpoint in
establishing kinetochore-MT attachments (Hardwick et al., 1996; Spencer and
Hieter, 1992; Wang and Burke, 1995). Mad, Bub and Mpsl homologues have
been identified in all other eukaryotic organisms indicating an evolutionarily
conserved mitotic checkpoint (Elledge, 1996). Since then, many other checkpoint
proteins have been identified in addition to these core checkpoint proteins as

described next.
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Mitotic checkpoint proteins can be divided into three main components: a
sensor that detects kinetochore-MT attachment status (Madl-Mad2), a signal
produced by sensor molecules in the presence of faulty kinetochore-MT
attachments or unattached kinetochores (MCC complex) and a response element
with a biochemical activity mediating the checkpoint induced arrest (Anaphase
promoting complex/cyclosome) (Chan and Yen, 2003; Murray, 1992). The signal
generated by the sensor molecules is amplified globally to prevent anaphase
onset.

The mitotic checkpoint acts as a surveillance mechanism and prevents
metaphase to anaphase transition until all the chromosomes are aligned on the
metaphase plate with bi-polar attachments. It is still unclear if the mitotic
checkpoint senses kinetochore-MT attachment or tension generated by bi-polar
attachments, or both (attachment and tension) to generate a wait anaphase signal.
MTs from the opposing spindle poles exert pulling forces in the opposite direction
on bi-polar chromosomes aligned at the metaphase plate. These opposing forces
generate tension between the two sister kinetochores as well as within the
individual kinetochore components (He et al., 2000; Maresca and Salmon, 2009;
Uchida et al., 2009; Waters et al., 1996). The kinetochore tension leads to
increased distance between the two sister kinetochores upon bi-orientation as well
as between the components of inner and outer kinetochore of an individual
kinetochore (Figure 1.12).

Reider et al., laser ablated the unattached kinetochore of mono-oriented
chromosomes and cells progressed into anaphase in the presence of an un-
attached chromosome. This finding showed that the kinetochore is the site for the
generation of a “wait anaphase” signal and that the mitotic checkpoint senses the
kinetochore-MT attachment status (Rieder et al., 1995). However, an elegant
study showed that applying tension to an improper kinetochore-MT attachment
with a needle resulted in anaphase onset, suggesting that the mitotic checkpoint
senses the tension across sister kinetochores (Li and Nicklas, 1995). Several other

studies over time have supported either “tension” or “attachment” as the sensing
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mechanism for mitotic checkpoint activity, further heating up the debate (Maresca
and Salmon, 2010). To resolve this matter, some studies pointed out the role of
tension in destabilizing MT attachment and creating unattached kinetochores
through Aurora B activity (Cheeseman et al., 2002; DeLuca et al., 20006).
However, this matter remains poorly understood and needs further investigation.

Another conundrum in the mitotic checkpoint field is whether the
checkpoint generates an on/off switch or a graded response. Two recent reports
measured the checkpoint activity in response to different errors (by treating cells
with the MT destabilizing drug nocodazole and the MT stabilizing drug taxol)
using different approaches and suggested that the checkpoint response is graded
since more severe defects generate a stronger response/ mitotic delay (Collin et
al., 2013; Dick and Gerlich, 2013). Why cells evolved a graded response as
compared to a toggle switch-like response needs further explanation.

Mitotic checkpoint regulation at the molecular level involves various

kinetochore proteins, which are discussed next.

41



1.7.1 Anaphase promoting complex/cyclosome

The mitotic checkpoint prevents anaphase onset by inhibiting the
anaphase-promoting complex/cyclosome (APC/C) from ubiquitylating securin
and cyclin B (Cdkl cofactor) (Thornton et al., 2006; Visintin et al., 1997).
Degradation of securin activates a protease, separase, which is required for the
proteolytic cleavage of cohesin between the sister chromatids, thus allowing the
separation of sister chromatids (Musacchio and Salmon, 2007). The mitotic
checkpoint inhibits APC/C activity by incorporation of Cdc20 into the MCC as
discussed next. The APC/C, a multi-protein complex, functions along with its
required coactivators Cdc20 and Cdhl in the ubiquitin-mediated degradation of
various mitotic substrates during mitosis (Figure 1.13). However, degradation of
just cyclin B and securin is sufficient for transition from metaphase to anaphase
(Pines, 2006; Pines, 2011; Yu, 2007). Cdc20 activity is required for APC/C-
mediated securin and cyclin B degradation (Pines, 2011). Cdc20 activity, in turn

is regulated by its incorporation into the MCC complex as discussed next.
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1.7.2 Mitotic checkpoint complex

The mitotic checkpoint complex (MCC) consists of BubR1, Bub3, Mad2
and Cdc20 and this complex binds and inhibits APC/C activity during mitosis
(Sudakin et al., 2001). Initial FRAP studies showed that Madl and ~50% of Mad2
are stable kinetochore residents; however, the rest of Mad2 exchanges rapidly
with its cytosolic pool (Howell et al.,, 2004). In metazoan cells, Madl also
requires the presence of the RZZ complex for kinetochore localization. A key step
for the generation of the MCC is the conformational conversion of open Mad2
(O-Mad2) to closed Mad2 (C-Mad2) at unattached kinetochores. The structural
conversion of Mad2 has been suggested as the rate-limiting step for checkpoint
activation as well as the amplifiable signal. Mad2 was previously believed to be
the sole inhibitor of APC/C before the discovery of the MCC. The MCC is highly
conserved from yeast to humans and has up to 3000-fold higher APC/C inhibition
capacity than individual proteins (Chan et al., 2005; Sudakin et al., 2001).

Mad2 conformational change is the fundamental step for mitotic
checkpoint activation. According to the ‘template model’ Madl bound to C-Mad2
at unattached kinetochores recruits cytoplasmic O-Mad2 forming a ternary
complex Madl:C-Mad2: O-Mad2. This complex induces the conversion of O-
Mad2 to C-Mad2, which in turn facilitates the interaction of C-Mad2 with Cdc20
(Figure 1.13) (De Antoni et al., 2005; Mapelli et al., 2007). The cytosolic C-
Mad2:Cdc20 further converts cytoplasmic O-Mad2 to C-Mad2 similar to the
Mad1:C-Mad2 complex at kinetochores albeit at very low levels as demonstrated
by in vitro kinetic data (Luo et al., 2002; Luo et al., 2004; Simonetta et al., 2009)
but this is still controversial (Mariani et al., 2012). The inhibitory potential of
Cdc20:C-Mad2 is significantly increased upon MCC formation with the
Bub3/BubR1 complex (Musacchio and Salmon, 2007). However, some studies
have suggested that C-Mad2 is not present in the MCC complex and the trimeric
complex Bub3:BubR1:Cdc20 is a potent inhibitor of APC/C (Kulukian et al.,
2009; Malureanu et al., 2009; Medema, 2009; Tang et al., 2001).
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Recently, a mitotic checkpoint factor 2 protein (MCF2) was found to be a
potent APC inhibitor (Braunstein et al., 2007; Eytan et al., 2008). The APC/C can
also be inhibited by various complexes such as Cdc20:C-Mad2,
Bub3:BubR1:Cdc20 and MCC.

The APC/C is readily activated by Cdc20 following the last chromosome
attachment to the spindle and triggers the degradation of securin and cyclin B.
(Hellmuth et al., 2015; Meadows and Millar, 2015; Sivakumar and Gorbsky,
2015). A recent study showed that APC/C can bind an additional Cdc20 which
can activate it but MCC can inhibit APC/C activity even when a second Cdc20 is
bound to it (Izawa and Pines, 2015). MCC production is terminated through
] comet

unclear molecular mechanisms but involves P3

(Wang et al., 2014).

and dynein as discussed next
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Figure 1.13: MCC complex inhibits APC/C complex.

Unattached kinetochores recruit the RZZ complex through Zwint-1 interaction.
Bubl (B1), BubR1 (BR1) and Bub3 (B3). The RZZ complex with Bub proteins
further recruits Madl and Mad2 complex, which catalyzes the conversion of
Mad2-O to Mad2-C conformation through the formation of an intermediate state
(I). Cytosolic Mad2-C binds to BubR1/Bub3 and Cdc20 (APC/C co-activator)
forming the MCC complex. The MCC complex binds to APC/C and prevents its
activation. Inactivated APC/C cannot ubiquinate and degrade cyclin B (CB) and
securin (Sec). Securin activity is required for cleaving cohesion complexes
between sister chromatids. Adapted from (Vleugel et al., 2012).
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1.7.3 The RZZ complex and Spindly

The RZZ complex consists of Roughdeal (Rod), Zeste-white 10 (Zw10)
and Zwilch proteins and is an essential component of the mitotic checkpoint. Rod
was first identified in a Drosophila genetic screen for proteins involved in
mitosis, with rod mutants exhibiting cell death, aneuploidy and chromosome
segregation errors (Karess and Glover, 1989). Zw10 was later identified in
another Drosophila genetic screen where the zw/(0 mutant displayed chromosome
disjunction and premature anaphase onset (Smith et al., 1985; Williams et al.,
1992). Zw10 and rod mutants shared mitotic phenotypes and both proteins were
interdependent for kinetochore localization (Scaerou et al., 2001; Williams and
Goldberg, 1994). Subsequently, both proteins were shown to be required for
mitotic checkpoint activity in Drosophila and human cells (Basto et al., 2000;
Chan et al., 2000). The third subunit, Zwilch, of the RZZ complex was first
identified in Drosophila embryo extracts using immunoaffinity chromatography
(Williams et al., 2003) followed by identification in human cells (Kops et al.,
2005). The RZZ complex lacks homologs in yeast but is conserved in metazoans.
The RZZ complex is part of the fibrous corona and is localized to kinetochores in
a Zwint-1 (Zeste-white interacting protein) dependent manner as shown in Figure
1.14 (Starr et al., 2000). Zwint-1 is a structural protein of the outer kinetochore
and interacts with many outer kinetochore proteins (Ndc80 and Mis12 subunits)
and thus serves as a link between outer kinetochore and fibrous corona
components (Lin et al., 2006; Obuse et al., 2004a; Vos et al., 2011; Wang et al.,
2004a). RZZ complex depletion results in chromosome missegregation, chromatin
bridges, premature anaphase and aneuploidy (Basto et al., 2000; Chan et al., 2000;
Kops et al., 2005; Lin et al., 2006; Scaerou et al., 2001; Starr et al., 1997; Wang et
al., 2004a).

The RZZ complex localizes to kinetochores at prophase and
prometaphase, and is seen on MTs of the mitotic spindle upon bi-polar
kinetochore-MT attachment and spindle poles during metaphase (Basto et al.,

2004; Defachelles et al., 2015; Famulski et al., 2008). Drosophila Zw10 is known
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to relocalize from spindle poles to kinetochores at anaphase; however, such a
pattern is not observed in human cells (Williams et al., 1992). Zw10 and Rod are
stable residents of kinetochores during prometaphase but their turnover increases
at kinetochores during metaphase (Defachelles et al., 2015; Famulski et al., 2008).
Inhibition of intra-kinetochore tension with taxol treatment prevents the turnover
of Zw10 at metaphase kinetochores indicating that the RZZ complex functions in
the tension sensing mechanism of the mitotic checkpoint (Famulski and Chan,
2007; Williams et al., 1996). Recently, CENP-I was shown to stabilize the RZZ
complex kinetochore residency at prometaphase (Matson and Stukenberg, 2014).
The RZZ complex is further required for the kinetochore localization of Madl,
Mad?2, dynein and Spindly (Buffin et al., 2005; Chan et al., 2009; Kops et al.,
2005).

Spindly was first discovered in an RNAi screen of Drosophila S2 cells for
proteins with mitotic checkpoint function. Spindly-depleted S2 cells showed
metaphase arrest, chromosome alignment defects and elongated spiky interphase
cells with spindle-shaped cell morphology, hence the name Spindly (Griffis et al.,
2007). Drosophila Spindly localizes to MT plus ends in interphase, to
kinetochores in prophase and prometaphase and along MTs but mostly at spindle
poles in metaphase. Drosophila Spindly localizes to kinetochores at anaphase
similar to Zw10 (Griffis et al., 2007). The function of Drosophila Spindly during
interphase and anaphase needs further investigation. The Spindly homologue in
worms was identified shortly thereafter and named SPDL-1 (spindle apparatus
coiled-coil protein 1) (Yamamoto et al., 2008).

Human Spindly (hSpindly) also known as CCDC99 (605 amino acids)
consists of two coiled-coil domains, which are separated by a conserved Spindly
box/motif (32 residues) that is not well characterized. Spindly kinetochore
localization is dependent on the RZZ complex since knockdown of Zw10 caused
abrogation of Spindly kinetochore localization in D. melanogaster, C. elegans and
humans (Chan et al., 2009; Griffis et al., 2007; Yamamoto et al., 2008). Spindly is

further required for the localization of the dynein/dynactin complex (Figure 1.15)
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in human cells but only dynein in C. elegans and D. melanogaster (Chan et al.,
2009; Griffis et al., 2007; Yamamoto et al., 2008). An elegant study showed that
Spindly physically connects dynein and dynactin and hence is essential to
promote the motility of dynein along MTs in vitro (Figure 1.15) (McKenney et
al., 2014). A comparison of Spindly function between D. melanogaster, C.
elegans and humans is listed in Table 1 showing its conserved function in the
recruitment and regulation of dynein at kinetochores during mitosis (Chan et al.,
2009; Griffis et al., 2007; Yamamoto et al., 2008). Human Spindly is localized to
kinetochores in prophase and prometaphase, moving to the poles during
chromosome alignment and is at the poles during metaphase (Chan et al., 2009;
Gassmann et al., 2010). Knockdown of hSpindly causes chromosome congression
defects, loss of dynein/dynactin kinetochore localization, prometaphase delay,
however checkpoint proteins are removed from bi-oriented kinetochores in a
delayed manner perhaps by a dynein/dynactin independent mechanism (Chan et
al., 2009; Gassmann et al., 2010). In contrast to loss of hSpindly in cells, Spindly
box point mutants (S256A and F258A) that localize to kinetochores but uncouple
hSpindly from dynein/dynactin recruitment, arrest the cells in metaphase and
prevent the removal of Zw10, a proportion of Mad2 protein and hSpindly mutants
from kinetochores (Barisic et al., 2010; Gassmann et al., 2010). This metaphase
arrest induced by hSpindly box mutants suggests that dynein/dynactin mediated
removal of hSpindly from kinetochores is required for mitotic checkpoint
silencing and progression into anaphase. In addition, Spindly depletion results in
severe chromosome alignment defects in worms and humans as compared to
Drosophila. These defects were proposed to be the result of the dynein/dynactin
complex absence, which helps in the formation of initial lateral kinetochore-MT
attachments promoting end-on attachment formation (Chan et al., 2009). Contrary
to expectations, Spindly box mutants rescued the chromosome alignment defect in
the absence of dynein/dynactin complex at kinetochores indicating a role for
hSpindly in kinetochore-MT attachment (Barisic et al., 2010; Gassmann et al.,
2010). Furthermore, Gassmann et al. showed that the depletion of both the RZZ
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complex and Spindly in worms rescued the kinetochore-MT attachment
phenotype in worms suggesting a negative role of the RZZ complex in regulating
kinetochore-MT attachments in the absence of Spindly (Gassmann et al., 2008).
Barisic ef al. proposed that the RZZ complex destabilizes lateral kinetochore-MT
attachments in the absence of hSpindly leading to chromosome congression errors
perhaps through Ndc80 regulation (Barisic and Geley, 2011). The authors support
their hypothesis by showing that co-depletion of Spindly and Ndc80 leads to gross
spindle formation defects as compared to the depletion of individual proteins in
both worms and human cells (Barisic and Geley, 2011; Gassmann et al., 2008).
Whether this hypothesis is correct needs further examination. According to the
present model, Spindly depletion arrests cells in prometaphase (with RZZ
complex negatively regulating the lateral kinetochore-MT attachments); however,
the Spindly box mutants/dominant negative mutants which are unable to recruit
dynein, arrest cells in metaphase (with Spindly inhibiting the negative regulation
of the RZZ complex) due to their inability to silence the checkpoint because of the
presence of Spindly on kinetochores (Barisic et al., 2010; Gassmann et al., 2010).
Similar to Zw10, hSpindly kinetochore localization is sensitive to both
attachment and tension status and 1is re-recruited to aligned tensionless
kinetochores (Chan et al., 2009). To conclude, hSpindly has a conserved function
in recruiting dynein to the kinetochore and checkpoint silencing through a
dynein/dynactin mediated mechanism. How Spindly is recruited to kinetochores
through the RZZ complex and how, in turn, recruits dynein/dynactin complex

remains to be investigated.
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Table 1.1: Comparison of Spindly function in different organisms shows
conserved function in dynein recruitment but differences in terms of
checkpoint activation through Mad1/Mad2 recruitment.

RZZ complex required for

hSpindly kinetochore Yes Yes Yes
recruitment
Spindly required for Mad1/ No Yes No
Mad?2
Recruitment

Yes No
Spindly required forMad1/
Mad2 removal
Spindly required for Dynein
recruitment Yes Iz Yes
Spindly required for Dynactin No Yes Yes

recruitment
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Figure 1.14: A schematic representation of selective proteins in the inner,
outer and fibrous corona of the kinetochore.

The RZZ complex is recruited to the kinetochore by Zwint-1 and the RZZ
complex recruits Spindly to kinetochores. Recruitment of the dynein/dynactin
complex is dependent on the presence of both RZZ and Spindly at kinetochores.
CPC, chromosome passenger complex contains Aurora B, Borealin, INCENP,
Survivin.
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Figure 1.15: A schematic representation of the dynein/dynactin complex
subunits and ternary complex between dynein, dynactin and Spindly.

(A) The dynein molecule consists of 2 heavy chain (HC), 2 intermediate (IC) and
light chains (not labeled). The dynactin molecule consists of multiple subunits as
well and interacts with dynein intermediate chain through its p1508" subunit.
Adapted from (Schliwa and Woehlke, 2003). (B) A single dynein molecule forms
a complex with adaptor Spindly and dynactin. Cargo proteins associate with the
adaptor proteins through their surface receptors or direct association with the
adaptor protein. Adapted from (Dodding, 2014)
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1.7.4 Mitotic checkpoint and cancer

Numerical and structural chromosome variations are frequently observed
in cancer cell genomes. The presence of a greater or lesser than diploid
chromosome number in a cell is referred to as aneuploidy. Aneuploidy is a
distinguishing characteristic of most solid tumors (~90%) and some
hematopoietic cancers (>50%) (Mitelman F, 2015). Aneuploidy can arise in tumor
cells due to their inherent ability to undergo and tolerate high rates of
chromosome gain or loss during cell division, also referred to as chromosomal
instability (CIN). However not all the aneuploid cells undergo CIN, some
aneuploid cells display stable chromosome abnormality in reoccurring cell cycle.
The role of chromosomal translocations in the development of leukemia and
lymphoma is very well understood (Aplan, 2006; Mitelman et al., 2007; Rowley,
1973). Numerical changes in the chromosomes arise due to segregation errors
during mitosis and its consequences are not very well understood. One would
predict that defective mitotic checkpoint regulation due to altered function of
mitotic checkpoint proteins would lead to aneuploidy. However, limited numbers
of mutations are found in the mitotic checkpoint genes. Complete loss of mitotic
checkpoint activity is embryonic lethal due to massive chromosome segregation
errors (Dobles et al., 2000; Kalitsis et al., 2000; Kops et al., 2004). Mosaic
variegated aneuploidy (MVA) is a rare disorder with an increased predisposition
to cancer and this disorder is associated with germline mutations of BuBRI
(Hanks et al., 2004; Matsuura et al., 2006). The RZZ complex subunits are
mutated in a subset of colorectal cancers and display CIN (Wang et al., 2004b).
Haploinsufficiency of Madl, Mad2 and BubR1 lead to CIN and increases tumor
incidence rate (Chi et al., 2009; Dai et al., 2004; Iwanaga et al., 2007; Michel et
al., 2001). Therefore, altered expression of checkpoint proteins has been
correlated with human cancer although the precise mechanism awaits discovery
(Perez de Castro et al., 2007). CENP-F (Clark et al., 1997), CENP-H (Shigeishi et
al., 2006) and Hecl are overexpressed in human cancers. In contrast to complete

loss of the checkpoint, a weakened checkpoint allows cells to proceed through
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anaphase with missegregation facilitating aneuploidy. In addition to altered
mitotic checkpoint function, cohesin defects, centrosome amplification and
hyperstable kinetochore-MT attachments during mitosis contribute to the
generation of aneuploidy as well (Holland and Cleveland, 2012). Conditional
overexpression of Mad2 leads to hyperstable kinetochore-MT attachments and
hence promotes aneuploidy through CIN (Kabeche and Compton, 2012). It is
proposed that a low CIN rate promotes aneuploidy and that high CIN rates can
lead to catastrophic event i.e. cell death (Holland and Cleveland, 2012). Cancer
cell lines exhibiting CIN display significantly higher missegregation errors as
compared to non-transformed cells and hence promote aneuploidy (Lengauer et
al., 1997; Thompson and Compton, 2008).

A long-standing question in the field is to whether aneuploidy is a cause or
consequence of cancer. This can only be resolved with more refined aneuploidy

animal models and future studies.
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1.8 Mitotic Checkpoint Silencing

Mitotic checkpoint signaling is better understood at the molecular level
than mitotic checkpoint silencing. How kinetochore-MT attachments shut down
checkpoint activity at the molecular level is not very clear. To achieve checkpoint
silencing, checkpoint proteins must be removed from kinetochores, further
binding of checkpoint proteins to kinetochores must be inhibited, and the pre-
existing MCC must be disabled. At present, mitotic checkpoint silencing is
thought to be achieved by shutting down the formation of the MCC complex

through two pathways as described below.

1.8.1 Dynein/Dynactin stripping

Dynein is a multi-subunit minus end directed MT motor (MW 1.40 MDa)
that functions during mitosis in spindle formation/rotation and positioning
(Busson et al., 1998; Heald et al., 1996; O'Connell and Wang, 2000; Vaisberg et
al., 1993), kinetochore-MT attachment (Pfarr et al., 1990; Steuer et al., 1990),
prometaphase and anaphase chromosome movement (Savoian et al., 2000; Sharp
et al., 2000a; Yang et al., 2007b) and mitotic checkpoint silencing (Bader and
Vaughan, 2010; Howell et al., 2001; Whyte et al., 2008; Wojcik et al., 2001).
Dynein consists of heavy, intermediate, light intermediate and light chains (Figure
1.14) (Hirokawa et al., 1998). The dynein motor requires the help of a coactivator
that regulates its motility as well as cargo binding. Dynactin is a multi-subunit
complex (11 subunits), which interacts with dynein, promotes its motor activity
and links dynein to its cargos (King et al., 2000; King and Schroer, 2000). It was
recently shown that dynein interacts with dynactin only in the presence of adaptor
proteins to form a tripartite complex in vitro, Spindly being one of the adaptor
proteins identified in the study (Figure 1.14) (McKenney et al., 2014). The
formation of this ternary complex is essential for the processive movement along
MTs in vitro (McKenney et al., 2014). Therefore, dynein motor activity requires

its adapter Spindly and dynactin to link to its cargoes and move them along MTs.
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Many studies have shown that Madl and Mad2 are depleted from
kinetochores upon attachment, by dynein/dynactin-mediated stripping (Figure
1.16) (Howell et al., 2001). Dynein/dynactin cargos at the kinetochores were
identified using nordihydroguaiaretic acid (NDGA) and ATP reduction assays
(Arasaki et al., 2007; Famulski et al., 2011; Silva et al., 2014). NDGA treatment
in human cells sustains dynein activity but prevents the release of dynein cargos
from spindle poles (Arasaki et al., 2007; Famulski et al., 2011). These studies
reported Madl, Mad2, BubR1, Mpsl, CENP-E, RZZ complex, Spindly, cyclin B,
a proportion of Hecl and Misl2 accumulation at spindle poles upon NDGA
treatment. In addition, GFP-tagged Madl, Mad2 and Rod proteins have been
reported to move along spindle MTs upon kinetochore-MT attachment (Buffin et
al., 2005; Emre et al.,, 2011; Howell et al., 2000; Wojcik et al., 2001).
Dynein/dynactin mediated transport of checkpoint proteins to spindle poles halts
the production of the MCC complex since Mad2 conformational change can
happen only at kinetochores. Disruption of dynein does not provide a conclusive
answer to its role in mitotic checkpoint silencing as dynein has multiple functions
during mitosis. Disruption of dynein function by depleting its recruiter Spindly or
specifically during early prometaphase by dynactin subunit p50/dynamitin
injection resulted in dynein-independent checkpoint silencing (Chan et al., 2009;
Howell et al., 2001). The dynein-independent mechanism for checkpoint silencing
may involve protein phosphatases similar to plants and fungi lacking kinetochore
dynein. Depletion of Spindly, however, results in kinetochore-MT attachment
defects and leads to prometaphase arrest. As discussed in section 1.7.1 Spindly
point mutants (in conserved Spindly motif) localized to kinetochores and allowed
normal formation of kinetochore-MT attachments but prevented dynein
kinetochore recruitment (Gassmann et al., 2010). These Spindly mutants in an
endogenous Spindly knockdown background induced metaphase arrest rather than
prometaphase arrest (as seen with Spindly depletion) and prevented the removal
of Madl and Mad2 from bi-oriented kinetochores. The identification of such a

dynein-independent checkpoint silencing in Spindly box mutant expressing cells
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awaits discovery. Furthermore, why this mechanism does not kick in when
Spindly mutants are present on the kinetochores is unknown.

In addition to Spindly and dynactin regulating dynein function, other
proteins such as NudC (Aumais et al., 2003; Osmani et al., 1990), NudCL (Chen
et al., 2015; Zhou et al., 2006), NudE, NudEL (Liang et al., 2007; Moon et al.,
2014; Stehman et al., 2007; Wang et al., 2013), CLIP-170 (Dujardin et al., 1998;
Tai et al., 2002) and Lis-1 (Faulkner et al., 2000; Tai et al., 2002) have been
shown to regulate dynein function during mitosis. Lis-1 depletes p50/dynamitin
and therefore dynein from kinetochores (Tai et al., 2002), NudE/EL plays a role in
dynein kinetochore recruitment through an unknown interaction (Stehman et al.,
2007) and NudC stabilizes dynein intermediate chain (Zhou et al., 2006). CLIP-
170 (CAP-Gly domain—containing protein) is a MT plus end binding protein but it
also affects dynein function (Dujardin et al., 1998; Tai et al., 2002). Furthermore,
CENP-F was proposed to prevent premature stripping of dynein from
kinetochores (Yang et al., 2005b). These studies show that dynein interacts with
various proteins to perform its function during mitosis. In the next section, I

discuss dynein-independent mitotic checkpoint silencing mechanism.
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1.8.2 p31¢omet mediated MCC disassembly

Once all the chromosomes are aligned on the metaphase plate, APC/C is
rapidly activated. It is not very clear how the rapid activation is achieved at the
molecular level. p31°°™* (also known as CMT?2), identified as a Mad2 interacting
protein (Habu et al., 2002) shows increased binding affinity for the Mad2-C form
(Date et al., 2014; Xia et al., 2004; Yang et al., 2007a). p31°°™' resembles Mad2-
O in structure and thus prevents the dimerization of Mad2-O and Mad2-C and the
Mad2 conformational change, which is a prerequisite for integration into the
MCC complex (Figure 1.16) (Vink et al., 2006). p31°°™* depletion results in
metaphase arrest with chromosomes bi-polarly aligned at the metaphase plate

1 comet

indicating that p3 is required for checkpoint silencing (Hagan et al., 2011).
Furthermore, p31°°™ localizes to prometaphase kinetochores in a Mad1:Mad2-C
complex-dependent manner (Fava et al., 2011). Recent studies have suggested
that the p31°™' kinetochore pool prevents the activation of Mad2-C, thus
preventing the formation of the MCC (Xia et al., 2004; Yun et al., 2009) and its
cytoplasmic pool extracts Mad2 from the MCC, thereby extinguishing MCC
complex activity (Eytan et al., 2014; Fava et al., 2011). All these studies present
attractive evidence for p31°™' mediated checkpoint silencing but the detailed
mechanism remains unknown and p31°™" is not conserved in yeast.

In addition to dynein/dynactin and p31°°™, ubiquitination of Cdc20
through the E2 enzyme UbcH10 (Reddy et al., 2007; Stegmeier et al., 2007) and
PP1 phosphatases in yeast are implicated in checkpoint silencing {reviewed in
(Kops and Shah, 2012)}. In yeast, direct binding of PP1 to PP2A is required for
phosphatase-mediated checkpoint silencing, however, this has not been observed
in human cells (Grallert et al., 2015). PP2A-B56 phosphatases in human cells
were shown to play an important role in mitotic checkpoint silencing by creating a
negative feedback mechanism (Nijenhuis et al., 2014). In this work, the authors
proposed that BubR1 recruits PP2A-B56, which antagonizes Aurora B activity

and hence allows PP1 to silence the mitotic checkpoint.
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Proteasomal
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Figure 1.16: Mitotic checkpoint silencing through dynein/dynactin mediated
stripping and p31¢°met,

Spindly recruits dynein complex to kinetochores during prometaphase.
Attachment of kinetochores to spindle MTs induces poleward stripping of mitotic
checkpoint proteins by minus end directed MT motor dynein. Furthermore,
p31¢°™ binds to Mad2 at kinetochores instead of Mad2-O. Both mechanisms
prevent formation of the MCC complex and therefore APC/C gets activated.
Proteasomal degradation of securin and cyclin B promotes the degradation of
cohesion complexes and sister chromatid separation. Mitotic exit also requires the
activity of PP1-like phosphatases. Adapted from (Vleugel et al., 2012).
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1.9 Protein Prenylation

Multiple protein modifications such as phosphorylation, methylation,
sumoylation, ubiquitination and prenylation regulate the function of a protein in a
cell. I will be focusing on protein prenylation, since I have shown that Spindly
undergoes farnesylation and its kinetochore localization is regulated by this
posttranslational lipid modification. Protein prenylation was originally discovered
in fungi and it involves an irreversible addition of a farnesyl (15-carbon) or
geranylgeranyl (20-carbon) lipid group to one or more cysteine residues located at
or near the C-terminus of a protein (Figure 1.17) (Kamiya et al., 1978; Resh,
2006). The presence of a consensus CA1A>X motif at the C-terminal of a protein
determines its eligibility to undergo prenylation catalyzed by either farnesyl
transferase or geranylgeranyl transferase enzyme. The CA1A2X motif has a
cysteine residue that becomes farnesylated, usually followed by two aliphatic
amino acids, and the nature of the last amino acid X determines whether a protein
undergoes farnesylation, of geranylgeranylation (Sinensky, 2000). A CA1A2X
motif with a terminal cysteine, methionine, alanine, serine, or glutamine
undergoes farnesylation while leucine, isoleucine, and phenylalanine target the
protein to be geranylgeranylated. However, studies have shown that the A»
residue in combination with the X residue plays an important role in protein

farnesylation (Hougland et al., 2010; Hougland et al., 2009).

1.9.1 Farnesylation

The farnesyltransferase (FTase) enzyme catalyzes the addition of a
farnesyl group onto the cysteine. This is followed by the cleavage of the AAX by
Ras-converting enzyme 1 (Rcel). The C-terminal cysteine next undergoes
methylation by isoprenylcysteine carboxylmethyl transferase (ICMT) (Porter et
al., 2007) (Figure 1.17). These modifications following farnesyl group addition
significantly increase the hydrophobicity of proteins facilitating their membrane
association (Ghomashchi et al., 1995; Sinensky, 2000; Zhang and Casey, 1996).
Nuclear lamin B was the first protein found to undergo farnesylation and since

then, more than 150 proteins have been reported to undergo prenylation
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(Farnsworth et al., 1989; McTaggart, 2006; Roskoski, 2003). FTase binds to a
farnesyldiphosphate (FPP) group forming a binary complex. The binary complex
recruits the protein substrate forming a short-lived ternary complex during which
cysteine attaches to the farnesyl group through a thioether bond (C-S). A new FPP
molecule binds to FTase resulting in the release of the farnesylated substrate
protein (Dolence et al., 1995; Pompliano et al., 1993). Zinc and magnesium ions
are required for efficient catalysis as well (Huang et al., 1997; Pickett et al., 2003;
Tobin et al., 2003). Crystal structures of all these complexes formed during
farnesylation catalysis have been determined (Park et al., 1997). The finding that
RAS family proteins require farnesylation for membrane binding initiated a
multitude of studies investigating the role farnesylation in cancer (Casey et al.,
1989; Schafer et al., 1989). RAS is mutated in more than 30% of cancers and for
that reason many labs have focused on the development of farnesyl transferase
inhibitors (FTIs) to prevent oncogenic RAS activity (Berndt et al., 2011;
Downward, 2003; Karnoub and Weinberg, 2008).
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Figure 1.17: Schematic representation of protein prenylation.

Farnesyl or geranylgeranyl transferase enzyme attaches either the farnesyl or
geranylgeranyl lipid group onto the cysteine residue following which Ras
converting enzyme 1 (RCEl) cleaves the three amino acids preceding the
farnesylated cysteine. Farnesylated cysteine further gets methylated by the
methyltransferase enzyme. Adapted from (Ochocki and Distefano, 2013)
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Figure 1.18: Schematic representation of the steps involved in the
farnesylation process mediated by FTase.

The FTase enzyme binds to farnesyldiphosphate isoprenoid (FPP) and then
catalyzes the attachment of this lipid group to the substrate protein and its release
by allowing a second farnesyldiphosphate group to bind. Adapted from (Ochocki
and Distefano, 2013).
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1.9.2 Farnesyl transferase inhibitors

Farnesyl transferase inhibitors (FTIs) derived from chemical libraries and
natural compounds can be classified into three categories based on their mode of
action: competitive inhibitors (peptidomimetic compounds), isoprenoid analogs
and bi-substrate inhibitors (Reiss et al., 1990; Tamanoi, 1993). Peptidomimetic
inhibitors are the most extensively studied and sophisticated FTIs of the three
categories due to their potency and ease of synthesis (Ochocki and Distefano,
2013). FTIs efficiently kill tumor cells in culture and in animal models driving the
entry of four FTIs (tipifarnib, lonafarnib, BMS-214662 and L-778,123) into
clinical trials (Berndt et al., 2011; Kohl et al., 1995). Despite remarkable success
in preclinical studies, FTIs did not yield effective results in approximately 75
clinical trials either as monotherapy or in combination with other anti-cancer
drugs (Berndt et al., 2011). Importantly, FTIs showed promising results in
preclinical studies regardless of RAS mutations (Crespo et al., 2002; Nagasu et
al., 1995; Sepp-Lorenzino et al., 1995). Scientists have attributed the failure of
FTIs to poor patient selection criteria (Ochocki and Distefano, 2013; Palsuledesai
and Distefano, 2015). These FTI trials ignored the observation that K-RAS (the
most frequently mutated RAS in cancer patients) and N-RAS proteins can become
substrates for Geranylgeranyl transferase and generate geranylgeranylated forms
that retain biological function.

Despite disappointing results for cancer patients, FTIs have shown
promising results in Hutchinson—Gilford progeria studies (Fong et al., 2006; Yang
et al., 2005a). One Phase II clinical trial was successfully completed in 2007 for
progeria patients (Gordon et al., 2012) and another Phase II clinical trial using
lonafarnib is currently ongoing (Wong and Morse, 2012). In addition to cancer
and progeria, FTIs are being explored for parasitic diseases such as malaria
(Carrico et al., 2004), African sleeping sickness (Yokoyama et al., 1998) and
chagas (Kraus et al., 2010) in which the parasites use their own FTase for
pathogenesis. Studies have developed FTIs, which are more selective towards

pathogen FTase as compared to mammalian FTase to exclude side effects
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(Fletcher et al., 2008; Olepu et al.,, 2008). Additionally FTIs are being
investigated for hepatitis (hepatitis D virus large antigen is farnesylated) and
multiple sclerosis (Rho proteins essential for lymphocyte migration undergo
farnesylation) diseases {reviewed in (Ochocki and Distefano, 2013)}.

In addition to G1 arrest (characteristic of RAS inhibition), FTI-treated
tumor cells exhibit prometaphase delay, defective spindle formation, and
chromosome misalignments (Ashar et al., 2000; Crespo et al., 2002; Crespo et al.,
2001). These mitotic defects led researchers to postulate that the inhibition of
CENP-E and CENP-F farnesylation, two mitotic proteins known to be
farnesylated, was responsible for the mitotic FTI phenotype; however, this has

been controversial as discussed next (Ashar et al., 2000).

1.9.3 Farnesylated mitotic proteins: CENP-E and CENP-F

Here, I will discuss in detail the functional implication of farnesylation for
CENP-E and CENP-F function, which is further addressed in chapter 3 of my
thesis. CENP-E is a plus end directed kinesin motor protein and is required for
proper chromosome segregation during mitosis (Thrower et al., 1995; Wood et
al., 1997; Yen et al., 1991). CENP-E is a 340-kDa coiled-coil protein present at
kinetochores during prophase, prometaphase and metaphase and is degraded
shortly after mitosis completion. It is a component of the kinetochore fibrous
corona and assists mono-oriented chromosomes to glide and align on the spindle
equator by forming contacts with the MTs of K-fibers of bi-oriented
chromosomes (Cooke et al., 1997; Yao et al., 2000; Yen et al., 1991; Yen et al.,
1992). Knock down of CENP-E protein results in unaligned chromosomes closer
to spindle poles due to unstable kinetochore-MT attachments leading to
metaphase arrest (McEwen et al., 2001; Putkey et al., 2002; Weaver et al., 2003;
Yao et al., 2000; Yao et al., 1997). Additionally, CENP-E regulates BubR1 kinase
activity as previously discussed in detail in section 1.6.4. In comparison to CENP-
E, CENP-F is a less studied protein and was first identified using human

autoimmune serum (Rattner et al., 1993). CENP-F is a coiled-coil protein as well
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and it shows cell cycle specific localization. It is maintained at low levels in S-
phase and during G2 phase it is found in the nucleus. It relocalizes to the nuclear
membrane at late G2 and to kinetochores during mitosis until metaphase (Liao et
al., 1995; Zhu et al., 1995). At anaphase CENP-F localizes to the spindle mid-
zone and is degraded at the end of mitosis (Gurden et al., 2010). Depletion of
CENP-F leads to the absence of BubR1 and Madl at kinetochores and leads to
premature anaphase onset (Feng et al., 2006; Laoukili et al., 2005). CENP-E and
CENP-F have been proposed to interact with each other but they are not
interdependent for their kinetochore localization (Chan et al., 2005). Both CENP-
E and CENP-F possess MT binding domains and have been biochemically shown
to bind MTs (Musinipally et al., 2013). The C-terminal end of both CENP-E and
CENP-F is required for their kinetochore localization (Chan et al., 1998; Zhu et
al., 1995).

Ashar et al. originally identified CENP-E and CENP-F as targets of FTase
but inhibition of farnesylation did not affect their kinetochore localization (Ashar
et al., 2000). However, the mitotic phenotype of FTI-treated cells was attributed
to inhibition of CENP-E and CENP-F farnesylation. Additional studies have
shown that FTIs do not affect CENP-E or CENP-F kinetochore localization and it
has been hypothesized that mitotic effects of FTIs are due to unknown targets
(Crespo et al.,, 2002; Crespo et al., 2001; Verstracten et al., 2011). This
speculation is further supported by the data shows that loss of CENP-F function
by siRNA in HelLa cells leads to a very brief mitotic delay rather than
prometaphase accumulation as seen with FTI treatment (Feng et al., 2006). In
addition, siRNA knock-down of CENP-E or microinjection of function blocking
antibodies results in unaligned chromosomes at spindle poles in metaphase cells,
thus resembling a metaphase arrest rather than the gross chromosome alignment
defects and prometaphase delay observed upon FTI treatment (McEwen et al.,

2001; Schaar et al., 1997; Tanudji et al., 2004; Yao et al., 2000).
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1.10 Thesis Focus

The RZZ complex is an essential component of mitotic checkpoint in
metazoans and it recruits the dynein/dynactin complex through Spindly. I started
with a structure-function study of human Spindly (hSpindly) to characterize its
role during mitosis. I established an extensive mutant library of hSpindly
consisting of truncation, random insertion, deletion and substitution mutants, and
mapped the kinetochore localization domain of hSpindly to its C-terminal end.
During this mapping study, I found out the hSpindly C-terminus is a potential
farnesylation motif and I showed that FTIs inhibited hSpindly kinetochore
localization during mitosis. Furthermore, I showed that hSpindly is farnesylated in
vivo and hSpindly farnesylation is a pre-requisite for its interaction with the RZZ
complex explaining hSpindly recruitment to kinetochores. hSpindly does not
undergo geranylgeranylation to retain its function upon FTI inhibition unlike
some RAS proteins. Additionally, I demonstrated that hSpindly but not CENP-E
and CENP-F, is a key mitotic FTase target rather than CENP-E or CENP-F
proteins explaining the mitotic phenotype upon FTI treatment. The FTI mitotic
phenotype closely resembles hSpindly depletion as shown by our live-cell
imaging studies.

I also investigated the kinetochore dynamics of hSpindly during mitosis
and discovered that hSpindly turnover increases significantly on metaphase
kinetochores and it is moderately stable at prometaphase kinetochores. hSpindly
undergoes phosphorylation during mitosis. I showed that hSpindly phospho-
mutants have altered kinetochore localization patterns. I have also used the yeast
2-hybrid to demonstrate that p5S0/dynamitin interacts with hSpindly and identified
a novel interaction partner of hSpindly. Through these combined studies, I
discovered that hSpindly localization and function is regulated by farnesylation as

well as phosphorylation and hSpindly is a key target of FTase during mitosis.
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Chapter 2 Experimental Procedures
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2.1 Cloning

Full length hSpindly (Gene ID: 54908) and 2581-3210 aa of hCENP-F
(Gene ID: 1063) cDNAs were amplified from a human fetal cDNA library
(Spring Bioscience) using gene specific primers and cloned into the pDONR221
vector (Invitrogen). hSpindly N- and C-terminal truncation constructs (Figure 3.2)
were amplified using pPDONR221 hSpindly as a template using specific primers.
Truncation constructs were cloned into the pPDONR221 vector (Invitrogen) using
attB recombination linkers of the Gateway Technology cloning system
(Invitrogen). Cloning into the gateway destination pEGFP (CMV promoter)
expression vector (Chan et al., 1998) was performed using the Gateway

Technology cloning system.

2.2 Mutagenesis and siRNA

The hSpindly random insertion mutant library was generated by
transposon-mediated insertion mutagenesis (Mutation Generation System,
Finnzymes), which generated mutants of hSpindly protein containing 5 aa in
frame insertion. Site-directed hSpindly mutants were generated by using the
QuikChange® site-directed mutagenesis kit (Stratagene) using pDONR221
hSpindly as a template. The site of insertion and desired point mutant sequences
were confirmed by sequencing using BigDye Terminators v3.1 and an ABI
PRISM 310 capillary sequencer (Applied Biosciences). siRNA for Spindly
(GAAAGGGUCUCAAACUGAA) or a scrambled control siRNA
(UGGUUUACAUGUCGACUAA) from Thermo Scientific was used. The siRNA
resistant version of hSpindly containing four silent mutations was generated using
the QuikChange® site-directed mutagenesis kit (Stratagene) with the following
pair of primer and its antisense (changes shown in bold). 5'-

CGTTGCTACAGATGAAGGGATCCCAGACTGAATTTGAGCAGCAGG-3'
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2.3 Cell culture and Synchronization

HeLa and HEK (human embryonic kidney)-293 cells were grown as a
monolayer in low-glucose DMEM (Dulbecco's modified Eagle's medium)
supplemented with 2 L-glutamine and 10% (v/v) FBS (fetal bovine serum) in a
humidified incubator at 37 °C with 5% CO;. T47D cells were grown in RPMI
1640 supplemented with 2 mM L-glutamine and 10% (v/v) FBS and 1 mM
sodium pyruvate. MCF7 cells were grown in low-glucose DMEM (Dulbecco's
modified Eagle's medium) and high-glucose DMEM (Dulbecco's modified Eagle's
medium) in equal volume supplemented with 2 mM L-glutamine and 10% (v/v)
FBS (fetal bovine serum) and 0.01 mg/ml insulin. M2 and MeWo cells were
grown in low-glucose DMEM F12 media supplemented with 2 mM L-glutamine
and 10% (v/v) FBS (fetal bovine serum). Double thymidine cell synchronization
was performed by the addition of 2 mM thymidine to cells for 16 hours (h).

2.4 Transient Transfections

HeLa cells were seeded and grown to ~60% confluency on 35-mm dishes.
Each dish was transfected with 2 pg of EGFP-Spindly constructs. For each
transfection, 2 pg of plasmid DNA was mixed with 100 pl of OPTI-MEM. In a
separate tube, 10 pl of PEI was mixed with 100 pl of OPTI-MEM and incubated
at room temperature for 5 min. The diluted plasmid DNA and PEI were mixed
together and incubated at room temperature for 15 min to allow DNA-PEI
complex formation. 2 ml of warmed low glucose DMEM growth media was
added to the plasmid-PEI complex mixture, which was then added to the HeLa
cell dishes (after removal of growth media). For hSpindly siRNA transfections,
Oligofectamine was used according to the manufacturer’s instructions. Cells were
incubated with 100 nM siRNA and Oligofectamine in OPTI-MEM for 5-6 h
followed by the addition of fetal bovine serum to a final concentration of 10%.
Transfection media was replaced with fresh media after 24 h.

For hSpindly in vivo farnesylation analyses, HeLa cells grown to ~60%

confluence in 10 cm diameter dishes were transiently transfected with 10 pg of
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the EGFP-Spindly constructs and 40 pl PEI (1 mg/ml) as described above for ~39
h. HeLa cells were treated with alkynyl-farnesol (50 uM from 50 mM stock
solution in DMSO) for 4 h (Charron et al., 2011). For co-incubation with
inhibitors, HeLa cells were pretreated for 1 h with 10 uM of FTI L-744832 (10
mM stock solution in DMSO; Enzo Lifesciences) or 20 uM of FTI-277 (20 mM
stock solution in DMSO; Sigma-Aldrich) prior to alk-FOH metabolic labeling.
Cells were then harvested for immunoprecipitation as previously described

(Charron et al., 2011).

2.5 Western Blotting

For Western blotting, HEK-293 cells were seeded at a density of 10°
cells/ml in 35-mm diameter dishes. Cells were transiently transfected with 1-2 ug
of EGFP-hSpindly mutant constructs as described above for approximately 24h
and processed for Western blotting as described previously (Chan et al., 1998).
PageRuler Plus Prestained protein ladder (Fermentas; Thermo Scientific) was
used as a molecular weight marker.

Blots were blocked with Odyssey blocking buffer (Li-Cor Biosciences)
and probed with IR-800-conjugated mouse monoclonal anti-GFP antibodies
(1:10000 dilution; Rockland Immunochemicals) and rat polyclonal anti-hSpindly
(1:1000 dilution; described below). Rabbit polyclonal anti-hRod (N-terminal 809
aa antigen) and rabbit anti hZw10 (GST full length hZw10-antigen) was used for
labeling the blots (Chan et al., 2000). B512 mouse anti-tubulin antibody (1/3000;
Sigma) was used to label the blot. Secondary antibodies Alexa Fluor® 680 anti-
rat antibody (1:10000 dilution; Invitrogen) and Alexa Fluor® 680 anti-rabbit
antibody (1:10000 dilution; Invitrogen) were used. Odyssey IR imager system

(Li-Cor Biosciences) was used to scan the blots.

2.6 Fluorescence Microscopy
For  hSpindly, hZwl10, hRod, hCENP-E and hCENP-F

immunofluorescence, HeLa cells were seeded onto 22-mm? coverslips at a density
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of 5 x 10* cells/ml in a 35-mm diameter dish for 36—48 h. One set of coverslips
was treated with 10 uM FTI L-744-832 (Enzo Life Sciences) or 20 uM of FTI-
277 (Sigma-Aldrich) and the other set was treated with the same volume of
control solvent (DMSO) for 24 h. The cells were fixed with 3.5% (W/v)
paraformaldehyde in PBS with 10 mM Pipes (pH 6.8) for 7 min, permeabilized in
KB (50 mM Tris/HCL pH 7.4, 150 mM NaCl and 0.1% BSA) with 0.2% Triton
X-100 for 5 min at room temperature (22 °C), and rinsed in KB buffer for 5 min
at room temperature without Triton X-100. DNA was stained with 0.1 pg/ml
DAPI (4', 6-diamidino-2-phenylindole). Rat anti-hSpindly (1:1000 dilution) and
Alexa Fluor® 488-conjugated anti-rat (1:1000 dilution; Molecular Probes)
antibodies were used to detect hSpindly. hZw10, hRod, hCENP-E and hCENP-F
were visualized using rat anti-hZw10 sera (1-139 aa-antigen), rabbit anti-hRod
(N-terminal 809 aa-antigen) (Chan et al., 2000), rabbit anti-hCENP-E (C-terminal
360 aa-antigen) (Schaar et al., 1997) and rabbit anti-hCENP-F (8445-end
nucleotides) (Liao et al., 1995) antibodies. Centromeres were visualized using
human ACA (anticentromere antibody) sera (1:4000) (gift from M. Fritzler,
University of Calgary, Calgary, Canada). Coverslips were mounted with 1 mg/ml
Mowiol 4-88 (Calbiochem) in phosphate buffer (pH 7.4). Alexa Fluor® 488-
conjugated anti-rat (1:1000 dilution; Molecular Probes), Alexa Fluor® 555-
conjugated anti-rabbit (1:1000 dilution; Molecular Probes), Alexa Fluor® 555-
conjugated anti-mouse (1:1000 dilution; Molecular Probes) and Alexa Fluor®
647-conjugated anti-human (1:1000 dilution; Molecular Probes) secondary
antibodies were used to visualize protein localization.

For fluorescence microscopy of GFP-tagged hSpindly constructs, HeLa
cells were seeded onto 22-mm? coverslips at a density of 5x10* cells/ml in 35-mm
diameter dishes and grown for 24 h before transfection. Cells were transiently
transfected with 1-2 pg of plasmid DNA as described above for 24-36 h. Cells
were fixed and permeabilized as described above. DNA was stained with DAPI

(0.1 pg/ml), and coverslips were mounted with Mowiol 4-88 (Calbiochem).
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A microscope (Imager.Z.1; Carl Zeiss, Inc.) equipped with
epifluorescence optics was used to collect the images. Cells were visualized with
a Zeiss 100X Plan-Apochromat objective with 1.4 numerical aperture. Images
were captured with a SensiCam (Cooke) CCD (charge-coupled device) camera
(PCO-TECH 1Inc.) controlled by Metamorph 7.0 software (Universal Imaging
Corporation). Images were processed using Adobe Photoshop 7.0. Endogenous
Spindly immunofluorescence images (Figure 3.1) were acquired using Zeiss
confocal Plan-Aprochromat with Zeiss 63X objective (1.4NA) Carl Zeiss, Inc.).
Data were collected using the Zeiss Zen software 7.0 (Carl Zeiss, Inc.) and

processed using Adobe Photoshop 7.0.

2.7 Fluorescence Quantification

For quantification of fluorescence, fluorescence kinetochore intensities
were measured within a 9X9 pixel square. Background fluorescence was
measured outside the 9X9 square using 13X13 pixel squares and subtracted (King
et al., 2000). For intensity quantifications at kinetochores, the smaller square
encompassed a single kinetochore and results were normalized against ACA

signals. 20 kinetochores were analyzed for each protein.

2.8 MBP Spindly and Rat anti hSpindly Antibody Production

Recombinant full length MBP-hSpindly fusion protein expression was
induced in the Escherichia coli strain JM109 (T7 promoter). Protein expression
was induced at mid log phase with 2 mM IPTG at 30 °C for 2-3 h. Bacteria were
harvested in lysis buffer (50 mM NaPO4 pH7.6, 0.25 M NaCl, 5 mM MgCla, 1
mM EGTA, 10 pg AEBSF protease inhibitor and 0.1 mg/ml lysozyme) and
sonicated. The soluble MBP-Spindly fusion protein was bound to an amylose
resin (NEB) column washed twice in binding buffer (20 mM Tris-HCL pH7.4,
200 mM NaCl, I mM EDTA) following the manufacturer’s directions. The
recombinant MBP-Spindly protein was eluted using elution buffer (20 mM Tris-
HCI1 pH7.4, 200 mM Nacl, | mM EDTA, 10 mM maltose), concentrated in PBS

(30,000 MWCO Amicon) and used as an antigen for immunization of rats.
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Immunizations of rats were conducted according to the guidelines set by the Cross
Cancer Institute Animal Care Committee and Canadian Council of Animal Care.
Antibodies were purified by pre-absorbing the rat sera onto an Affigel 15 column
(Bio-Rad Laboratories) that was covalently coupled to bacterial lysates containing
MBP to remove antibodies against MBP and bacterial proteins. hSpindly
antibodies were purified by overnight incubation of pre-adsorbed serum with an
Affigel 15 column that was covalently coupled to MBP-hSpindly fusion protein.
The column was washed 3 times with at least 10 bed volumes of TBS. Antibodies
were eluted with elution buffer (0.2 M glycine-HCI pH 2.5) and immediately
neutralized with 1 M Tris-HCI, pH 9.0. Protein concentrations of fractions were
monitored by absorbance at 280 nm and antibody containing fractions were
pooled, desalted and concentrated by centrifugation with a protein concentrator
(30,000 MW cutoff, Amicon). The antibody concentration was determined and
diluted with filter sterilized glycerol to a final concentration of 5 pg/ml in 50%
glycerol:0.5X PBS. MBP-hZw10 (1-231 aa) recombinant protein was produced,
purified and injected into rats using the same protocol as described for MBP-

Spindly protein. A rat anti-hZw10 serum was used for IF.

2.9 Metabolic Labeling, Click Chemistry Reactions and In-gel Fluorescence
Imaging

HeLa cells were grown and transfected in 10-cm plates as previously
described under transient transfection. Cells were gently washed with PBS to
remove dead cells or debris followed by trypsinization. Cells were treated with
alk-FOH (50 uM, 50 mM stock solution in DMSO) for 4 h using the same volume
of solvent (DMSO) in the negative controls (Charron et al., 2011). For co-
incubation, HeLa cells were pretreated for 1 h with 10 uM L-744832 FTI prior to
alk-FOH metabolic labeling. The cells were pelleted by centrifuging at 1000g for
5 min at RT. The cell pellet was washed twice in ice-cold PBS and pelleted by
centrifuging at 1000 g for 5 min at 4 °C. Cells were flash frozen in liquid nitrogen
and stored at —80 °C. Cell pellets were lysed in ice-cold Brij lysis buffer (1%
Brij97, 50 mM triethanolamine pH 7.4, 150 mM NaCl, 5X EDTA free Roche
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protease inhibitor cocktail, 10 mM PMSF) (Charron et al., 2011). Protein
concentration was determined by the BCA assay (Pierce). EGFP-hSpindly was
immunoprecipitated using 1 pL anti-GFP rabbit pAb (ab290, Abcam) and 50 pL
of packed protein A-agarose beads (Roche) per sample (Charron et al., 2011).
Upon incubation at 4 °C for 2 h on a nutating mixer (Labnet), the beads were
washed (3X1 ml) with ice-cold modified RIPA lysis buffer (1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, 50 mM triethanolamine pH 7.4, 150 mM NaCl).
Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC)/click reaction was
performed as described previously in Charron ef al. (2011). The purified protein
bound to beads was suspended in 47 uL of ice-cold PBS, to which was added 3
uL freshly premixed click reaction cocktail [azido-rhodamine (100 pM, 10 mM
stock solution in DMSO), Tris (2-carboxyethyl)phosphine hydrochloride (TCEP)
(1 mM, 50 mM freshly prepared stock solution in deionized water), Tris [(1-
benzyl-1H-1,2,3-triazol-4-yl) methyl]lamine (TBTA) (100 pM, 10 mM stock
solution in DMSO) and CuSO4:5H20 (1 mM, 50 mM freshly prepared stock
solution in deionized water)] for 1 h at 4 °C on a nutating mixer. The beads were
washed (3X1 ml) with ice-cold modified RIPA lysis buffer, resuspended in 40 uL
loading buffer [27.5 uL (4% SDS, 50 mM triethanolamine pH 7.4, 150 mM
NaCl), 10 pL. 4XSDS-loading buffer (40% glycerol, 200 mM Tris-HCI pH 6.8,
8% SDS, 0.4% bromophenol blue) and 2.5 pL of 0.5 M Bond-Breaker TCEP
Solution (Thermo Scientific)], heated for 5 min at 95 °C, and 20 puL of the
supernatant was loaded on 2 separate SDS-PAGE gels (4-20% Bio-Rad Criterion
Tris-HCI gel), one for fluorescence detection and the other for immunoblotting.
For cell lysates, 50 pg protein was clicked in 47 pl SDS-buffer (4% SDS,
50 mM triethanolamine pH 7.4, 150 mM NaCl) with 3 pL freshly premixed click
reaction cocktail (same as above) for 1 h at room temperature. Proteins were
precipitated by adding ice-cold methanol (1 mL), placing at =80 °C overnight,
centrifuging at 18000 g for 10 min at 4 °C and discarding the supernatant. The

protein pellets were allowed to air-dry, resuspended in 50 uL loading buffer (same
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as above), heated for 5 min at 95 °C, and 20 pg of protein was loaded on 2
separate SDS-PAGE gels.

After SDS-PAGE separation, the gel was soaked in destaining solution
(40% MeOH, 10% acetic acid, 50% H>O) overnight at 4 °C on an orbital shaker,
rehydrated with deionized water and visualized by scanning the gel on an
Amersham Biosciences Typhoon 9400 variable mode imager (excitation 532 nm,

580 nm filter, 30 nm band-pass).

2.10 Immunoprecipitation and GFP Trap

HeLa cells were grown on 10-cm plates and double thymidine treatment
was performed. 24 h before harvesting the cells were treated with either 10 uM of
FTI L-744832 FTI or solvent control DMSO. Mitotically arrested HeLa cells
(with 0.25 pg/ml nocodazole for 12-16 h) after second thymidine release were
collected by shake-off and resuspended in 20 mM HEPES-KOH, pH 7.5, 10 mM
KCl, 1 mM MgCl,, 1 mM EDTA, and 1 mM EGTA, with protease and
phosphatase inhibitors (PhosSTOP, Roche), lysed as previously described (Barisic
et al., 2010). 500 pg of lysate were then incubated with the rabbit polyclonal anti
hSpindly (Bethyl Laboratories Inc.) on a rotator at 4 °C for 1 h. Rabbit. The
immunoprecipitates were captured with protein A beads which were blocked
overnight with 1% BSA. Western blotting was performed for the identification of
Zw10 and Rod pull-down.

For GFP Trap, HeLa cells seeded in the 10 cm plates were transfected
with 100 nM hSpindly siRNA for 24 h. After 24 h, the cells were transfected with
an siRNA resistant version of either GFP WT hSpindly or GFP C602A mutant
hSpindly. Cells were enriched in mitosis by 16 h nocodazole treatment. Mitotic
cells were resuspended in buffer as mentioned above in IP. GFP Trap beads
(ChromoTek) were used to pull-down hSpindly following manufacturer’s

instructions with the exception of the buffer used.
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2.11 Live-Cell Imaging

For analysis of mitotic timing, a HeLa cell line stably expressing GFP-
tubulin and mCherry H2B was used. Cells seeded in a 35-mm glass-bottom dish
(MatTek or Flourdish) were placed onto a sample stage within an incubator
chamber maintained at a temperature of 37 °C in an atmosphere of 5% CO,. Cell
medium was replaced with imaging medium (OPTI-MEM (Gibco) supplemented
with 2 mM L-glutamine, 10% (v/v) FBS (fetal bovine serum) and 14 mM
HEPES) before imaging. Imaging was performed using a spinning disk confocal
on an inverted microscope Axiovert 200M (Carl Zeiss, Inc.; 40X objective lens;
1.3 NA) equipped with an electron-multiplying charge-coupled device (CCD)
camera (ORCA-FLASH-4.0; Hamamatsu Photonics). Images were collected
every 5 min for the GFP and Cy3 channels using 100 ms exposure times, for 10-
16 h using the velocity software (Perkin Elmer Inc.). Velocity 6.3.0 software was
used to collect and export videos in AVI format using Microsoft video 1
compression. Videos were further converted to .mov format with Vegas Pro
version 12.0 (Build 394) (Sony Creative Software Inc.) using Sorenson 3
compression. Mitotic timing for cells was calculated manually. Still tiff format
images from videos were exported using Velocity 6.3.0 software and processed

using Adobe Photoshop 7.0.

2.12 Fluorescent Recovery After Photobleaching (FRAP)

pLV.ExSiP/Neo-CMV-mEGFP-hSpindly vector expressing a siRNA
resistant version of hSpindly was constructed by Cyagen. HeLa cells were plated
in a 60-mm dish so that they were 50% confluent on the next day. 5 pl of thawed
lentivirus was mixed with 2 ml of fresh media, 8 pg/ml of polybrene and
transferred onto cells. Cells were incubated in virus containing media for 12-13 h.
HeLa cells expressing EGFP-hSpindly were selected by treatment with neomycin
following 25 h post transduction. These transduced cells were used for 2-3 weeks
for performing FRAP. Hela cells transiently expressing EGFP-hSpindly were
seeded onto 35-mm glass bottomed dishes (MatTek or Flourdish) at a density of 5
X 10* cells/ml for 24 h prior to FRAP analysis.
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FRAP experiments were performed using a spinning disk confocal on an
inverted microscope Axiovert 200M (Carl Zeiss, Inc.; 63X oil objective lens; 1.4
NA) equipped with an electron-multiplying charge-coupled device (CCD) camera
(ORCA-FLASH-4.0; Hamamatsu Photonics). Laser ablation and imaging was
controlled using the velocity software (Perkin Elmer Inc.). A circular area 10 X
10 px containing a single kinetochore was photobleached with the 488 nm laser
using a single laser pulse. Subsequent images were acquired for 90 seconds at
maximum speed followed by 300 seconds at a rate of 12 time points per minute
(min) with an exposure time of 200 ms. Fluorescence intensity recovery in the
region of interest was quantified using Metaexpress software (Molecular Devices,
LLC). The recovered fluorescence intensity signal was corrected for background
by a signal obtained from a region outside the cell. Photobleaching was
insignificant so I did not correct for photobleaching. The percent recovery and
time for half recovery of the fluorescence signal was calculated using excel and

graphed using prism (non-linear regression curve).

2.13 Yeast Two-Hybrid

Yeast two-hybrid was performed as described previously (Chan et al.,
1998; Estojak et al., 1995; Gyuris et al., 1993). In brief, the SKY473 strain of S.
cerevisiae was co-transformed with p-Gilda-Spindly mutants and pJG4-5-hp50
along with the pSH18-34 reporter plasmid. Yeast strain SKY473 and plasmids p-
Gilda, pJG4-5, and pSH18-34 were provided by E. Golemis (Fox Chase Cancer
Center). Transformant yeast colonies were selected by growing yeast on plates
with media lacking Tryptophan, Histidine and Uracil. Three transformant colonies
were picked from each transformation and restreaked onto plates lacking
Tryptophan, Histidine and Uracil but supplemented with D-galactose and
raffinose (gal/raf) to induce expression of bait and prey genes. After 2 days, those
three colonies were restreaked onto plates lacking Tryptophan, Histidine and
Uracil+ gal/raf as well as X-gal, which allowed blue/white selection 2-3 days after
streaking. Bait and prey protein expression was confirmed by western blotting.

Yeast colonies were picked from plates lacking Tryptophan, Histidine and
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Uracil+ gal/raf and yeast was resuspended in 1X SDS-PAGE loading buffer and
frozen at -80 °C for 24 h. The samples were boiled for 7 min and SDS-PAGE and
western transfer was performed as described in section 2.5. LexA fused hSpindly
mutant proteins were detected with rabbit polyclonal anti-LexA antibody
followed by Alexa 680 conjugated anti-rabbit antibody. B42 fused hp50 proteins
were detected with rabbit polyclonal anti-B42 antibody (Sigma) followed by
Alexa 680 conjugated anti-rabbit antibody.

pSH17-4 expresses a lexA fusion with an activation domain that strongly
activates transcription in pSH18-34 and this combination was used as a positive
control. pPRFHM1 expresses a lexA fusion with the N-terminus of bicoid and does
not activate transcription in pSH18-34. This combination was used as a negative
control. The possibility of false positives was eliminated by checking the

interaction between the bait construct with an empty prey vector, and vice versa.

2.13 Statistical Analysis
Statistical analysis was performed using Graphpad Prism version 5.04. P-

values were calculated with Student’s t test.

79



2.14 Reagent and Buffer Recipes

3.5% Paraformaldehyde

3.5 g of paraformaldehyde is dissolved in 80 ml of warm ddH>O (30 sec
microwave). Add 20 pl of 10 N NaOH and dissolve paraformaldehyde powder
with low stirring. Once completely dissolved, add 10 ml of filter sterile 10X PBS
and 2 ml of 0.5 M PIPES (pH 6.9). Adjust paraformaldehyde pH between 6.6 to
6.9 with 0.1 N HCI and bring the final volume up to 100 ml with ddH-O.

Mowiol Mounting Media

Add 2.4 g of Mowiol powder to 6 g of glycerol and stir to mix.

Add 6 ml of ddH>O and leave stirring overnight at room temperature.

Add 12 mL of 0.2 M Phosphate Buffer, pH7.4.

Heat to 50 °C for 10 min with gentle stirring to minimize bubbles.

After Mowiol is dissolved, centrifuge at 5000g for 15 min.

Add 0.1% n-propyl gallate.

Aliquot and store at -80 °C.

PEI (1 mg/ml)

Dissolve 100 mg of Polyethylenimine in 80 ml ddH>O .

Adjust pH to 7.0 with HCI, adjust the final volume to concentration of 1 mg/ml.
Filter through 0.22 um membrane.

Aliquot and store at -80 °C.
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Table 2.1 Composition of buffers and solutions.

Buffer Composition
KB and KB+TX 0.01 M Tris-HC1 pH 7.5, 0.15 M NacCl, 0.1% BSA
Buffer (+/- 0.2% Triton X-100)
1% NP40 lysis 1% NP40, 150 mM Nacl, 50 mM Tris-HCI pH 8, with full
Buffer protease and phosphatase inhibitors
Lvsis Buffer for 20 mM HEPES-KOH, pH 7.5, 10 mM KCI, 1 mM MgCl, 1
yoIs mM EDTA, and 1 mM EGTA, with protease and phosphatase
Spindly IP e
inhibitors
Phosphate 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPO4, 1.4 mM
buffered KH>POy. oH 7
Saline (PBS) 204 P
1X SDS-PAGE
running 30.3 g Tris-HCI, pH 8.8, 141.7 g glycine, 10 g SDS
buffer (10L)
1X Western . .
transfer Buffer 12.12 g Tris-HCl, 57.68 g glycine, 4 g SDS10, 800 ml
methanol
(4L)
Coomassie Blue | 1.25 g of Coomassie blue, 250 ml methanol (10% acetic acid),
(500ml) 50 ml glacial acetic acid (50 % ethanol),
SDS-PAGE 20% glycerol, 167 mM Tris-HCI, pH 6.8, 2% SDS,
sample %b henol bl
buffer 0.05% bromophenol blue
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Table 2.2 Primary antibodies

Host Western
Antibody . IF dilution Blot Source
Species s
Dilution
hZW10 Rabbit 1/1000 1/2000 (Chan et al., 2000)
hZW10 Rat 1/1000 ND This study
hROD Rabbit 1/1000 1 in 1500 (Chan et al., 2000)
ACA Human |  1/3000 ND Dr. Fritzler (U of
Calgary)
hCENP-E Rabbit 1/1000 ND (Chan et al., 1998)
hp50 Rabbit ND 1/500 Bethyl Laboratories
hTubulin Mouse 1/2000 1/5000 Sigma (B512)
hPericentrin Rabbit 1/2000 ND Abcam (ab4448)
hCENP-F Rabbit 1/750 ND (Chan et al., 1998)
A‘;gg(})lgp' Mouse ND 1/10,000 ROCklanzdlgoo'B 2
LexA Rabbit ND 1/1000 Abcam (50953)
B42 Rabbit ND 1/1000 Sigma (B9808)
hSpindly Rat 1/1000 1/2000 (Moudgil et al., 2015)
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Table 2.3: hSpindly and hCENP-F cloning and truncation mutant primers

Primer Gene Sequence Description
attB1
Ch374 extension GGGGACAAGTTTGTACAAAAAAGC attB1
AGGCT
Forward
attB2
Ch375 extension GGGGACCACTTTGTACAAGAAAGCT attB2
GGGT
Reverse
. AAAAAGCAGGCTACATGGAGGCAG hSpindly full-length
Ch717 hSpindly ATATAATCAC forward primer
Ch718 hSpindly AGAAAGCTGGGTTACTGTTGAGGGC hSpindly full.—length
ACTGG reverse primer
Ch&70 hSpindly AGAAAGCTGg?;l: gé’l(": é TTACGCGCA C-terminal primer aal51
. AGAAAGCTGGGTTACAACGTGGCA . .
Ch&71 hSpindly ATTTGTAAC C-terminal primer aa300
. AGAAAGCTGGGTTACCTCTTTTTCA . .
Ch&72 hSpindly GTACAGGCAC C-terminal primer aa452
. AAAAAGCAGGCTTAATGTCTGAACG . .
Ch&73 hSpindly TGTGCAGG N-terminal primer aal51
. AAAAAGCAGGCTCCATGTTGGAGCA . .
Ch874 hSpindly GAAGAATG N-terminal primer aa322
Ch875 hSpindly AAAAAGCACEF%(E;%%%TGCGTGAGG N-terminal primer aa453
. AAAAAGCAGGCTCACAGTCCTGCCC . .
Ch954 hSpindly TAACAG N-terminal primer aa488
. AAAAAGCAGGCTACAAAAATCTGC . .
Ch955 hSpindly CCGTGG N-terminal primer aa518
Ch956 hSpindly AAAAAGCAGGSIE}%CCTAACTCTCC N-terminal primer aa553
. AAAAAGCAGGCTTAACCACCGCTAA . .
Ch1005 hSpindly AGATGC N-terminal primer aa461
Ch1006 hSpindly AAAAAGCAGCGT((:;;E%%ACAACAGTG N-terminal primer aa469
. AAAAAGCAGGCTCTAAAGGCAACT . .
Ch1028 hSpindly CTTTGTTTGC N-terminal primer aa252
. AAAAAGCAGGCTTTAACAGAGAAC . .
Ch1029 | hSpindly AGATGCAGAG N-terminal primer aa288
. GTACAAAAAAGCAGGCATGCAGAG N-terminal sense primer
Ch1096 | hSpindly AATGAAG 22293 (288-605 template)
N-terminal anti-sense
Ch1097 | hspindly | CTTCATTCTCIOCAIOCCTOCTITIT | primer 2203 (288-605
template)
AAAAAGCAGGCTTGCTACAAGGCCT | hCENP-F forward primer
Ch1224 | hCENP-F TGATG 422581
AGAAAGCTGGGTCACTGGACCTTAC hCENP-F reverse primer
Ch1225 | hCENP-F AGTTCTCAC 223210
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Table 2.4: hSpindly deletion mutant primers

Primer Gene Sequence Description
Ch959 | hSpindly GAGACCCAGTC%%(;(E}TTAACAGTAA Q604STOP sense primer
. CTGGGTTACTGTTAAGGGCACTGG Q604STOP anti sense
Ch960 hSpindly GTCTC primer
Cho61 | hSpindly | CTACTCCAGAGACECCTEAACAGT | 4601-602QC sense primer
Cho62 hSpindly GGTTACTGTTGAGGGGTCTCTGGA A601 -602QC anti-sense
GTAG primer
Ch963 | hSpindly CCAGTGCCCTCAQTAACCCAGCTTT D605Q sense primer
Ch964 hSpindly GAAAGCTGGGTgéTTGAGGGCACT D605Q anti-sense primer
Ch991 hSpindly CCAGAGACCCAG(? AACAGTAAAGA A602-603CP sense primer
Ch992 hSpindly CCAGAGACCCAGCAACAGTAAAGA A602—603(;P anti-sense
C primer
Ch993 | hSpindly | GTGTCTTCTAAACAGTGCCCTCAAC | 22 96'601?5;1; rET sense
Ch994 hSpindly GTTGAGGGCACTGTTTAGAAGACA A596—6OOSTPET anti-
C sense primer
Ch995 | hSpindly | CCCTATTCTATATACTCCAGAGACC | 239273 93:{;2? sense
Ch996 hSpindly GGTCTCTGGAGTATATAGAATAGG A592-596VS$KS anti-
G sense primer
Cho97 hSpindly GAAATCACACCCTAAATCTACTCC D589-594ILYVSS sense
AG primer
Ch998 hSpindly CTGGAGTAGATTTAGGGTGTGATTT AS 89—594ILYYSS anti-
C sense primer
Ch1001 | hSpindly CCAGAG‘%E&?%&E?‘;(T:%AACAAC A604QQ sense primer
Ch1002 hSpindly GAAAAGg{; gg}"é?g}"ggglG"AGGGCA A604QQ anti-sense primer
chios1 | hspindly | T A e e | | 4253283 sense primer
Ch1032 hSpindly GAigg?gﬁgé:éiéﬁg;}:éﬁiéGA A253-283 anti-sense primer
Ch1033 hSpindly CTT%:ﬁg??giigg?g?ggzigTTG A298-563 sense primer
Ch1034 hSpindly GAGAACAGATGCAGAGAATGAAG A298-563 anti-sense primer

CTTCAAACAGAAGTTAAAGAAGG
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Table 2.5: hSpindly and hCENP-F mutant substitution primers

Primer Gene Sequence Description
QQ604-605TT sense
Ch1003 | hSpindly GAGACCCAGTGCCTCTCTTTACCCACCTAAAGA primer (Q604STOP
template)
QQ604-605TT anti-
. GAAAAGTCTTTAGGTGGTAGGGCACTG sense primer
Ch1004 | hSpindly GGTCTC (Q604STOP
template)
Ch1082 hSpindly CTCAGAAAGAGGAS GCACAGTCCTGCC T487A sense primer
. T487A anti-sense
Ch1083 hSpindly | GGGCAGGACTGTGCCTCCTCTTTCTGAG primer
Ch1084 | hSpindly CAGTTTCTATA%A(S%%@CCAGTAGTCAG T509A sense primer
. GAGAGACTGACTACTGGTGCGTGTATA T509A anti-sense
Ch1085 | hSpindly GAAACTG primer
Ch1086 hSpindly CTATACACAC%%%?%};%GTCGCTCTCTC S513A sense primer
. GTGAGGAGAGAGAGCGACTACTGGTGT S513A anti-sense
Ch1087 hSpindly GTGTATAG primer
T509A, S513A sense
Ch1088 | hSpindly CGCACCAGTA(;TAiiiTTCCTCTCTCCTCAC primer (T509A
template)
. GATTTTTGTGAGGAGAGAGAGCGACTA | 1°09A, SS13A anti-
Ch1089 hSpindly CTGGTGCG sense primer (T509A
template)
Ch1090 | hspindly | CCACTACTCAGTETCOCTCCTCACAAAA | 55154 sense primer
. CAGATTTTTGTGAGGAGCGAGACTGACT S515A anti-sense
Ch1091 hSpindly ACTGG primer
Ch1092 | hSpindly CCAGTAGTCGCTCTCGCTCCTCACAAAA | S5 13A/S§ 15A sense
ATC primer
Ch1093 hSpindly GATTTTTGTGAGGAGCGAGAGCGACTA S513A/851 ?A anti-
CTGG sense primer
Ch1134 | hSpindly CAGTTTCTAT%C&%C;%?‘SCAGTAGTCAG T509E sense primer
Ch1135 hSpind] GAGAGAGACTGACTACTGGTTCGTGTAT T509E anti-sense
pincly AGAAACTG primer
Chl136 | hspindly | CTATACACACACCAGTAGTCOATETCTC | 6513 sense primer
. GTGAGGAGAGAGATCGACTACTGGTGT S513D anti-sense
Ch1137 hSpindly GTGTATAG primer
Ch1138 | hSpind CGAACCAGTAGTCGATCTCTCTCCTCAC | TS509E/S513E sense
pindly AAAAATC primer
Ch1139 | hSpind GATTTTTGTGAGGAGAGAGATCGACTAC | T509E/S513E anti-
pindly TGGTTCG sense primer
Ch1140 hSpindly CCAGTAGTCAG;I;?I(;E;géTCCTCACAAAA S515D sense primer
Ch1141 hSpindl GCAGATTTTTGTGAGGATCGAGACTGAC S515D anti-sense
pmncly TACTGG primer
Ch1142 | hSpindl CCAGTAGTCGATCTCGATCCTCACAAAA | S513D/S515D sense
pmncly ATCTGC primer
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Ch1143 hSpindl GCAGATTTTTGTGAGGATCGAGATCGAC | S513D/S515D sense
pindly TACTGG primer
. CTACTCCAGAGACCCAGTGCAAGCAAC .
Ch1203 hSpindly AGTAACCCAGC P603K sense primer
. GCTGGGTTACTGTTGCTTGCACTGGGTC P603K anti-sense
Ch1204 | hSpindly TCTGGAGTAG primer
Ch1205 | hSpindly CCAGAGACCCAC%TC(K:&AGGTACAGTAA Q604V sense primer
Ch1206 hSpindly GCTGGGTTACTGTACCTTGCACTGGGTC Q604V gnt1-sense
TCTGG primer
Ch1207 hSpindly CCAGAGACCCA&T(% GA (? GACACAGTAA Q604T sense primer
. CCAGAGACCCAGTGCAAGACACAGTAA Q604T anti-sense
Ch1208 hSpindly CCCAGC primer
Chl211 hSpindly CTAAATCTACTCS?S:((:} GCCCAGTGCAA T600A sense primer
Ch1212 hSpindly GTTGCTTGCACTGGGCCTCTGGAGTAGA T600A gntl-sense
TTTAG primer
Ch1213 hSpindly CTTCTAAATCTACESS AGAGACCCAGTG P598A sense primer
Chl214 hSpindly GGGCACTGGGTCTCTGCAGTAGATTTAG P598A gntl—sense
AAG primer
Chi215 hSpindly CCAGTGCCCTCAA%TGTAACCCAGCTTT QG605L sense primer
Ch1216 hSpindly GAAAGCTGGGTTACAGTTGAGGGCACT Q605L gntl-sense
GG primer
. GAGACCCAGTGCCCTCAATTCTAACCCA .
Ch1217 hSpindly GCTTTCTTGTAC L605F sense primer
Chi218 hSpindl GTACAAGAAAGCTGGGTTAGAATTGAG L605F anti-sense
pindly GGCACTGGGTCTC primer
Ch1226 | hCENP-F CAAGGGCAGTG&%[Z%%GCTAAGGTCCA C3207A sense primer
Ch1227 | hCENP-F GGTCACTGGACCTTAGCGTTCTCACTGC C3207 A. anti-sense
CCTTG primer
Ch957 hSpindly CAGAGACCCAGTC&%GCTCAACAGTAAC P603A sense primer
Cho58 hSpindly GGGTTACTGTTGAGCGCACTGGGTCTCT P603A gntl—sense
G primer
Ch965 hSpindly GTGTCTTCTAAAIA%F&%CTCCAGAGACCC T597A sense primer
Cho66 hSpindly CACTGGGTCTCTGGAGCAGATTTAGAAG T597A gntl-sense
ACAC primer
. CCCAATAGTAAAGGCAACGCTTTGTTTG .
Ch979 hSpindly CAGAGG S256A sense primer
. CCTCTGCAAACAAAGCGTTGCCTTTACT S256A anti-sense
Ch980 hSpindly ATTGGG primer
Cho81 | hSpindly GGCAACTCTTgESggfféGAGGTGGAA F258A sense primer
. CTTCGATCTTCCACCTCTGCAGCCAAAG F258A anti-sense
Cho82 | hSpindly AGTTGCC primer
Chos3 hSpindl CAATAGTAAAGGCAACGCTTTGGCTGC S256A/F258A sense
pmncly AGAGG primer
Ch984 hSpindly | CCTCTGCAGCCAAAGCGTTGCCTTTACT S256A/F258A anti-
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ATTG

sense primer

Ch985

hSpindly

CTACTCCAGAGACCGCGTGCCCTCAACA

Q601A sense primer

GTAAC
) GTTACTGTTGAGGGCACGCGGTCTCTGG | Q601A anti-sense
Ch986 hSpindly AGTAG primer
. CTCCAGAGACCCAGGCCGCTCAACAGT |  CPO02AA sense
Ch987 hSpindly AAAG primer (P603A
template)
CP602AA anti-sense
Choss | hSpindy CTTTACTGTTGAG(?[S(?CCTGGGTCTCTG Crimer (PGO3A
template)
Ch989 | hSpindly CTCCAGAGACC%AA%%CCCCTCAACAGT C602A sense primer
Ch990 | nSpindly | GOTTACTGTTGAGGGGCCTGGGTCTCTG | C602A ani-sense
GAG primer
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Chapter 3 A novel role of farnesylation in targeting a
mitotic checkpoint protein, human Spindly, to

kinetochores

A version of this chapter has been published as Moudgil et al., Journal of Cell
Biology, 2015, 208(7):881-96

(©Moudgil et al., 2015. Originally published in Journal of Cell Biology. doi:
10.1083/jcb.201412085)
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3.1 Abstract

Kinetochore localization of mitotic checkpoint proteins is essential for
their function during mitosis. hSpindly kinetochore localization is dependent on
the RZZ complex and hSpindly recruits the dynein/dynactin complex to
kinetochores during mitosis; but the mechanism of hSpindly kinetochore
recruitment is unknown. Through domain-mapping studies we characterized the
kinetochore localization domain of hSpindly and discovered it undergoes
farnesylation at the C-terminal cysteine residue. The N-terminal 293 residues of
hSpindly are dispensable for its kinetochore localization. Inhibition of
farnesylation using a farnesyl transferase inhibitor (FTI) abrogated hSpindly
kinetochore localization without affecting RZZ complex, CENP-E and CENP-F
kinetochore localization. We showed that hSpindly is farnesylated in vivo and
farnesylation is essential for its interaction with the RZZ complex and hence
kinetochore localization. FTI treatment and hSpindly knockdown displayed the
same mitotic phenotypes, indicating that hSpindly is a key FTI target in mitosis.
Our data show a novel role of lipidation in targeting a checkpoint protein to

kinetochores through protein-protein interaction.
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3.2 Introduction:

Accurate chromosome segregation during mitosis is essential for the
maintenance of genomic stability. The mitotic checkpoint is a molecular
mechanism that prevents premature segregation until all chromosomes are
bioriented and aligned at the metaphase plate. Mitotic checkpoint proteins were
first identified in budding yeast (Hoyt et al., 1991; Li and Murray, 1991; Weiss
and Winey, 1996) and are conserved from yeast to human (Chan et al., 2005).
Mitotic checkpoint proteins assemble at kinetochores during mitosis and include
Madl, Mad2, Bubl, BubR1, Bub3 and Mpsl proteins. The RZZ complex
(Roughdeal, ZesteWhite10 and Zwilch) subunits are essential mitotic checkpoint
proteins originally identified in flies and are conserved in metazoans (Karess,
2005). The RZZ complex is required for Madl and Mad2 kinetochore
recruitment, and also recruits hSpindly to kinetochores (Buffin et al., 2005; De
Antoni et al., 2005; Fang et al., 1998; Kops et al., 2005). hSpindly plays a critical
role in checkpoint silencing by recruiting the dynein/dynactin motor complex that
transports checkpoint proteins, such as Madl, Mad2, RZZ complex and hSpindly,
from kinetochores to spindle poles (Barisic et al., 2010; Chan et al., 2009;
Famulski et al., 2011; Gassmann et al., 2008; Howell et al., 2001).

hSpindly is a 605 amino acid (aa) protein consisting of two coiled-coil
domains separated by a conserved 32 aa spindly motif (Chan et al., 2009; Griffis
et al., 2007). Spindly was discovered to be a regulator of dynein at kinetochores
during mitosis in Drosophila and is also involved in chromosome alignment and
mitotic checkpoint silencing in human cells (Barisic et al., 2010; Chan et al.,
2009; Gassmann et al., 2010; Griffis et al., 2007). Spindly kinetochore
localization is dependent on the RZZ complex since knockdown of Zw10 causes
abrogation of Spindly kinetochore localization (Barisic and Geley, 2011; Chan et
al., 2009). Knockdown of hSpindly causes chromosome alignment defects, loss of
dynein/dynactin kinetochore localization, and prometaphase delay (Barisic et al.,
2010; Chan et al., 2009; Gassmann et al., 2008). hSpindly C-terminal residues

were previously shown to be important for kinetochore localization and it is
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speculated that hSpindly undergoes farnesylation; a post-translational lipid
modification (Barisic et al., 2010).

Farnesylation is a type of protein prenylation, where a 15-carbon farnesyl
lipid group is transferred onto one or more C-terminal cysteine residues (Zhang
and Casey, 1996). A subset of membrane proteins is farnesylated making the C-
terminus more hydrophobic, facilitating their membrane binding. A typical
farnesylation motif, CAAX, has a C-terminal cysteine that becomes farnesylated,
usually followed by two aliphatic aa, and the last aa is typically methionine,
serine, glutamine, or alanine (Sinensky, 2000). It is estimated that more than 100
proteins undergo farnesylation including two kinetochore proteins, CENP-E and
CENP-F (Ashar et al., 2000; Wright and Philips, 2006). RAS family proteins
require farnesylation for membrane binding and, since RAS is mutated in a wide
variety of cancers, many farnesyl transferase inhibitors (FTIs) have been
developed to inhibit RAS farnesylation (Berndt et al., 2011; Downward, 2003;
Karnoub and Weinberg, 2008). FTIs efficiently killed tumor cells in culture and in
animal models regardless of RAS mutations suggesting additional unknown
farnesylated targets (Crespo et al., 2002; Nagasu et al., 1995; Sepp-Lorenzino et
al., 1995). Interestingly, in addition to G1 arrest, FTI-treated tumor cells exhibited
prometaphase delay, defective spindle formation, and chromosome misalignments
(Ashar et al., 2000; Crespo et al., 2002; Crespo et al., 2001). These mitotic defects
have been correlated with the inhibition of CENP-E and CENP-F farnesylation
(Ashar et al., 2000; Hussein and Taylor, 2002; Schafer-Hales et al., 2007). Studies
have shown, however, that FTIs do not affect CENP-E or CENP-F kinetochore
localization and it has been hypothesized that mitotic defects associated with FTIs
are due to unknown targets (Crespo et al., 2002; Crespo et al., 2001; Verstraeten
et al., 2011). This speculation is further supported by data showing that loss of
CENP-F function by siRNA in HeLa cells leads to a very brief mitotic delay
rather than prometaphase accumulation as seen with FTI treatment (Feng et al.,
2006). In addition, siRNA knock down of CENP-E or microinjection of function

blocking antibodies resulted in unaligned chromosomes at spindle poles in

91



metaphase cells which resembles metaphase arrest rather than the gross
chromosome alignment defect and prometaphase delay observed upon FTI-
treatment (McEwen et al., 2001; Schaar et al., 1997; Tanudji et al., 2004; Yao et
al., 2000). Existence of conflicting data regarding the role of farnesylation in
targeting CENP-E and CENP-F proteins to kinetochores warrants further
investigation into how FTIs induce prometaphase delay in tumor cells.

Here, we identified hSpindly, a mitotic checkpoint protein as a novel
farnesylation substrate. We defined the hSpindly kinetochore localization domain
and reported that farnesylation of hSpindly is required for its interaction with the
RZZ complex and its kinetochore localization. Furthermore, we showed that loss
of hSpindly kinetochore localization following FTI treatment is likely responsible
for the prometaphase delay observed in FTI-treated tumor cells rather than CENP-
E and CENP-F as reported previously.
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3.3 Results
3.3.1 hSpindly kinetochore localization is dependent on its C-terminus
hSpindly localizes to kinetochores in prophase and prometaphase and
accumulates at spindle poles during metaphase in HeLa cells consistent with
previous immunofluorescence studies (Figure 3.1) (Chan et al., 2009). EGFP
fused N- and C-terminal truncation constructs of hSpindly were generated and
expression of these constructs was confirmed in HEK293T cells by immunoblots
(Figure 3.2 & Figure 3.3). Analysis of transfected prometaphase HelLa cells
revealed that the 453-605 aa (construct Cl) are required for kinetochore
localization but the N-terminal 293 aa (construct N3) are dispensable (Figure 3.2).
N-terminal deletion construct N5 did not localize and N4 (322-605 aa) localized
to kinetochores only when transfected cells were treated with vinblastine. This
microtubule poison disrupts kinetochore-microtubule attachments and maximally
enhances checkpoint activity allowing for stringent analysis of kinetochore
localization capability of hSpindly mutants (Famulski et al., 2008; Hoffman et al.,
2001). The N4 mutant perhaps has very low kinetochore binding affinity (or fast
turnover) and is rapidly transported off to spindle poles by dynein (discussed in

detail later).

93



DAPI Spindly ACA

Prometaphase

Metaphase

Figure 3.1: Endogenous hSpindly Kinetochore localization during mitosis.
HeLa cells were immunostained with anti-hSpindly antibody, CREST antisera to
immunostain centromeres (ACA) and DAPI to stain DNA. hSpindly localizes to
the kinetochores at prophase, prometaphase and at spindle poles in metaphase.
Scale bar, 5 um
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Figure 3.2: hSpindly C-terminal is required for kinetochore localization.

(A) A schematic diagram of hSpindly depicting truncation mutants (+ indicates
kinetochore localization and — indicates no kinetochore localization). Kinetochore
localizing capability of each construct was analyzed under vinblastine treatment,
which maximally load checkpoint proteins on kinetochores. aa numbers are
indicated.

(B) HeLa cells were transiently transfected with EGFP-hSpindly fusion constructs
(shown in Figure 1A) and the kinetochore localization ability of each construct
was analyzed wusing fluorescence microscopy. DAPI (4',6-diamidino-2-
phenylindole) stains chromosomes. Representative images show that the C-
terminal aa from 293 to 605 of hSpindly are required for kinetochore localization.
Scale bar, 10pm.
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Figure 3.3: Expression of hSpindly mutant library using western blot
analysis.

Immunoblots showing the expression of GFP-hSpindly fusion proteins transfected
into HEK293 cells (A-Truncation mutants, B&C-Insertion mutants, D-
Substitution mutants and E- Deletion mutants). GFP-fusion proteins were labeled
with IR800-conjugated rabbit anti-GFP antibody. Molecular mass markers
detected in the same channel are shown on each blot. (Masses indicated in kD).
WT- wild type. All hSpindly mutant constructs expressed at the expected size.
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To further define the kinetochore localization domain, a transposon based
random insertion mutant library of hSpindly was generated (Table 3.1). hSpindly
mutants containing 5 aa in-frame insertions, spanning 151 to 603 aa residues,
expressing at the expected size, were screened for kinetochore localization
(Figure 3.3 & Figure 3.4). Surprisingly, construct P with an insertion following
603 aa (P603—-CGRSP) was the only mutant that completely abrogated
kinetochore localization highlighting the importance of the far C-terminal
residues (Figure 3.4). In addition, construct O with an insertion following 600 aa
(T600—QLRPH) localized to kinetochores only when the cells were treated with
vinblastine, indicating that residues immediately adjacent to the C-terminus are
also important (Figure 3.4) (discussed in detail later). Kinetochore localization of

all the insertion mutants is shown in Figure 3.6.
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Table 3.1: hSpindly random insertion mutants show that the far C-terminus

is required for kinetochore localization.

Insertion Site & Kinetochore Kinetochore

Construct Sequence Localization Localization

(Amino acid) Untreated Vinblastine
A MPISAAAM Positive Positive
B R*»%VCGRS Positive Positive
C N3“TYAAA Positive Positive
D M3NAAAM Positive Positive
E G**’ECGRS Positive Positive
F E*'CGRTE Positive Positive
G G>*’CGRIG Positive Positive
H SMSAAALS Positive Positive
| E*!'CGRTE Positive Positive
J T*AAAQT Positive Positive
K H>*’CGRTH Positive Positive
L P>*MRPHP Positive Positive
M T>*’PVRPH Positive Positive
N P>*¥VRPHP Positive Positive
@) T°QLRPH Negative Positive
P PSO3CGRSP Negative Negative
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Untreated Vinblastine
EGFP-Spindly DAPI EGFP-Spindly

Figure 3.4: hSpindly far C-terminal residues are required for Kkinetochore
localization.

(A) A schematic diagram depicting the location of the insertion mutants generated
in the hSpindly protein. Construct shown in red was negative for kinetochore
localization and construct shown in blue localized to kinetochores only under
vinblastine treatment. Site of insertion and inserted residues are shown in Table 1.
(B) HeLa cells transiently transfected with EGFP-hSpindly insertion constructs
were analyzed for their kinetochore localization ability. Representative images
show that the far C-terminus is essential for kinetochore localization. For A, N,
and P constructs, refer to the constructs depicted in Table 1. Scale bar, 10 pm
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Site-directed mutagenesis was performed to create both deletion and
substitution hSpindly mutants to assess the importance of individual C-terminal
residues for kinetochore localization (Figure 3.5). I found that all deletions
involving the last 10 aa (596-605 aa) abrogated kinetochore localization (Figures
3.5 A & C), but all mutants with substitutions in the far C-terminal residues
except cysteine (602 aa) localized to kinetochores (Figures 3.5B & C). Based on
deletion and substitution mutants, we concluded that the far C-terminal residues
from 596-605 aa were critical for kinetochore localization and the cysteine
residue (602 aa) was essential for kinetochore localization. Our kinetochore
domain mapping data indicate that the N-terminal 293 aa were dispensable for
kinetochore targeting and residues 293-322 contributed to high affinity binding.
Expression of all the deletion and substitution mutants is shown in Figure 3.3 and

kinetochore localization in Figure 3.7.
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A Kinetochore Localization

590 600 Untreated Vinblastine
WT-Spindly CKKSHPILYVSSKSTPETQCPQQ + +
Del 589-594aa ICKKSHP|- - - - - - + +
Del 592-596aa ICKKSHP I LY([- - - - - - +
Del 596-598aa ICKKSHP I LYV SSK + +
Del 596-600aa ICKKSHP I LYV SSK[- - - - - - -
Del 601-602aa [CKKSHP I LYVSSKSTPET - -
Del 602-603aa ICKKSHPILYVSSKSTPETAQ | - -
Del 604-605aa ICKKSHPILYVSSKSTPETQCP|- - - -
Del 605aa CKKSHPILYVSSKSTPETQCPQ- - -
B Kinetochore Localization

590 600 Untreated Vinblastine
WT-Spindly CKKSHPILYVSSKSTPETQCPQQ + +
T597P CKKSHPILYVSSKSETQCPQ + +
P598A CKKSHPILYVSSKSTETQCPQ + +
T600A CKKSHPILYVSSKSTPEQCPQ + +
Q601A CKKSHPILYVSSKSTPETCPQ - +
C602A CKKSHPILYVSSKSTPET - -
P603A CKKSHPILYVSSKSTPETAQCAQQ + +
P603K CKKSHPILYVSSKSTPETQCKQQ + +
CP602AA [CKKSHPILYVSSKSTPET - -
C

Vinblastine
EGFP-Spindly

Untreated
EGFP-Spindly

Vinblastine
EGFP-Spindly

Untreated
EGFP-Spindly

4589-594 =

DAPI DAPI

-

A592-596

Figure 3.5: Far C-terminal residues of hSpindly are essential for kinetochore
localization.

(A) Schematic representation of hSpindly C-terminal deletion mutants (589-605
aa). Kinetochore localization of each EGFP-tagged mutant was analyzed through
fluorescence microscopy (+ indicates kinetochore localization and — indicates no
kinetochore localization).

(B) Schematic representation of hSpindly C-terminal substitution mutants (597-
605 aa). Kinetochore localization of each EGFP-tagged mutant was analyzed
through fluorescence microscopy (+ indicates kinetochore localization and —
indicates no kinetochore localization).

(C) Representative images of Hela cells transfected with EGFP-tagged hSpindly
deletion or substitution constructs show that the C-terminus of hSpindly is
essential for its kinetochore localization. Scale bar, 10 um
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Figure 3.6: Kinetochore localization of GFP-hSpindly insertion mutants.
HeLa cells were transfected with GFP-hSpindly mutants, fixed, stained with
DAPI to visualize the DNA and analyzed by fluorescence microscopy for
kinetochore localizing ability. Localization results were identical with vinblastine
treatment. Positive localization is seen as double-dot staining. Scale bar, 10um.
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Untreated
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Figure 3.7: Kinetochore localization of EGFP-hSpindly deletion and
substitution mutants.

HeLa cells were transfected with GFP-hSpindly mutants, fixed, stained with
DAPI to visualize the DNA and analyzed by fluorescence microscopy for
kinetochore localizing ability (A- Deletion mutants and B- Substitution mutants).
Localization results were identical with vinblastine treatment (not shown).
Positive localization is seen as double-dot staining. Scale bar, 10um.
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3.3.2 FTI treatment abrogated hSpindly kinetochore localization without
affecting the RZZ complex, CENP-E and CENP-F Kkinetochore localization
The hSpindly C-terminus (CPQQ) is a potential farnesylation site and is
highly conserved from zebrafish to humans (Figure 3.8). To investigate if
farnesylation plays a role in targeting hSpindly to kinetochores, we examined the
effect of a previously validated FTI, L-744-832 (Verstraeten et al., 2011) on
kinetochore localization of hSpindly along with Zw10 and Rod since the RZZ
complex is required for targeting hSpindly to kinetochores (Barisic et al., 2010;
Chan et al., 2009). FTI treatment of HeLa cells led to a complete loss of hSpindly
kinetochore localization although Zwl0 and Rod localized to kinetochores
indicating that farnesylation is normally involved in hSpindly kinetochore
localization (Figure 3.9A & B). Vinblastine added to FTI treatment also lacked
hSpindly kinetochore localization (Figure 3.9C), indicating that farnesylation is
fundamental to hSpindly kinetochore localization and its absence is not a result of
rapid dynein-mediated transport. To address the possibility that loss of hSpindly
kinetochore localization is a compound-specific effect, we treated HeLa cells with
another FTI (FTI-277) (Schafer-Hales et al., 2007) and observed identical results.
We observed loss of hSpindly kinetochore localization with FTI treatment in
breast cancer (MCF7 & T47D) and melanoma cell lines (M2 and MeWo)
confirming that the loss of hSpindly kinetochore localization with FTI treatment
is not cell line specific (Figure 3.10). hSpindly protein levels were examined to
determine whether the loss of hSpindly kinetochore localization is due to its
degradation in the absence of farnesylation. Immunoblots of FTI and DMSO-
treated HeLa cell lysates showed an approximately 25% decrease in hSpindly
protein level with FTI treatment (Figure 3.9D), which does not account for the

complete loss of hSpindly kinetochore localization.
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H. Sapiens HPILYVSSKSTPETQCPQQ
E. caballus HPILYVSSKSTPETQCPAQQ
C. familiaris HPILYVSSKSTPETQCPQQ
R. norvegicus HT IMYVSSKSTPEMQCPQQ
M. musculus HNI IYVSSKSAPETQCSQQ

G. gallus YTTLYVSSKPTPETQCAQQ
X. tropicalis PPVLHVPSKPAATTQCPQQ
D. rario QQPTHVSSQKTMANECAQQ

Figure 3.8: Spindly C-terminal residues are highly conserved in different
species.

The far C-terminal cysteine and the last two glutamine residues are conserved in
all the organisms shown.
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Figure 3.9: Inhibition of farnesylation abrogates kinetochore localization of
hSpindly but not the RZZ complex.

(A&B) HeLa cells were treated with 10 uM of L.744832 FTI or DMSO for 24 h,
fixed and immunostained for hSpindly, Rod and Zw10. Complete loss of
hSpindly kinetochore localization and normal Rod and Zw10 levels on the
kinetochores were observed in FTI-treated cells. ACA immunostains centromeres
and DAPI stains DNA. Scale bar, 10um.

(C) HeLa cells were treated with FTI or DMSO for 24 h and incubated with 0.5
uM vinblastine for 30 min before harvesting showing no hSpindly kinetochore
localization without affecting Rod kinetochore localization. Scale bar, 10 um.

(D) Normalized hSpindly protein expression from HelLa cells shows 25% less
expression with FTI treatment as compared to DMSO. n=3. Error bars are SD. P-
value indicated a significant difference.
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DMSO treated cells FTI treated cells

Spindly Spindly

Figure 3.10: hSpindly Kkinetochore localization is abrogated with FTI
treatment in breast cancer and melanoma cell lines without affecting Rod
kinetochore localization.

Breast cancer (MCF7 & T47D) and melanoma (MeWo and M2) cell lines were
treated with FTI and DMSO for 24 h prior to fixation. The cells were
immunostained with anti-hSpindly antibody, anti-hRod antibody and DAPI to
stain DNA.
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Previous studies have reported conflicting findings regarding whether loss
of farnesylation prevents CENP-E and CENP-F kinetochore localization (Ashar et
al., 2000; Crespo et al., 2002; Crespo et al., 2001; Hussein and Taylor, 2002;
Schafer-Hales et al., 2007; Verstraeten et al., 2011). We observed no effect on
CENP-E and CENP-F kinetochore localization in HeLa cells with FTI treatment
in prometaphase (Figures 3.11A & B) or metaphase. Quantitative
immunofluorescence microscopy of prometaphase HelLa cells showed no
significant difference in CENP-E and CENP-F kinetochore localization with FTI
treatment compared to DMSO (Figures 3.11C & D). A cysteine-alanine mutant of
CENP-F (C3207A of CAAX motif) was reported to be unable to localize to
kinetochores (Hussein and Taylor, 2002). We cloned the C-terminal 630 aa
kinetochore localizing fragment of CENP-F (2581-3210 aa), and found it
localized to kinetochores as expected (Figure 3.12) (Hussein and Taylor, 2002;
Zhu et al., 1995), and generated the CENP-F C3207A mutant. In contrast to the
Hussein et al. 2002 study, the CENP-F C3207A mutant localized to kinetochores
during mitosis (Figure 3.12) but was reproducibly reduced in vinblastine treated
cells for unknown reasons. These results indicate that FTI mediated mitotic
effects cannot be attributed to the loss of CENP-E or CENP-F kinetochore
localization. Expression of CENP-F (2581-3210 aa) and CENP-F C3207A mutant

is shown in Figure 3.14B.
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Figure 3.11: Inhibition of farnesylation does not affect CENP-E and CENP-F
kinetochore localization.

(A&B) Hela cells were treated with 10 uM of L744832 FTI or DMSO for 24 h
fixed and immunostained for hSpindly, CENP-E or CENP-F, and ACA. CENP-E
and CENP-F localized to kinetochores in FTI-treated HelLa cells whereas
hSpindly did not. Scale bar, 10 um.
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(C&D) Normalized fluorescence signals for CENP-E and CENP-F at
kinetochores with 24h DMSO or FTI treatment. n=20. Boxes represent
interquartile distributions and whiskers represent 10th and 90th percentiles. FTI-
treated cells have slight but not significant increases in CENP-E or CENP-F
signal as compared to control DMSO as indicated by P value.
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Kinetochore localization of CENP-F

2581 3007 Untreated Vinblastine
——— CPV/Q 4 .
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B Untreated Vinblastine

DAPI EGFP-CENP-F-" DAPI 2581-3210

EGFP-CENP-F

Figure 3.12: Farnesylation motif of CENP-F is not required for kinetochore
localization.

HeLa cells were transiently transfected with EGFP-hCENP-F fusion constructs
(shown in Figure 3E) and the kinetochore localization ability of each construct
was analyzed using fluorescence microscopy. Top panel is EGFP-CENP-F2381-3210
and lower panel is C3207A mutant of the same fragment. Scale bar, 10 um.
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3.3.3 hSpindly CPQQ motif can be substituted with other farnesylation
motifs

Since the C-terminus of hSpindly is required for kinetochore localization
through the CAAX farnesylation motif, we hypothesized that any farnesylation
motif on the C-terminus of hSpindly, regardless of the specific sequence should
be sufficient for it to undergo farnesylation and target it to kinetochores. We
replaced the CPQQ residues of hSpindly with the CKTQ (CENP-E) and CKVQ
(CENP-F) farnesylation motifs, referred to as Spindly-E and Spindly-F,
respectively. Both Spindly-E and F localized to kinetochores during prometaphase
supporting our hypothesis that the exact aa sequence is not important and the
ability to be farnesylated is sufficient for hSpindly kinetochore localization
(Figure 3.13). Expression of Spindly-E and F is shown in Figure 3.14A.

Geranylgeranylation is a prenylation catalyzed by geranylgeranyl
transferase enzymes that attach a 20-carbon geranylgeranyl group to the cysteine
of the C-terminal CAAX box (Sinensky, 2000). The nature of the X residue in the
CAAX motif determines whether a protein gets farnesylated or
geranylgeranylated. Geranylgeranyl transferase enzymes prefer X to be leucine or
isoleucine (Zhang and Casey, 1996); however, these rules are not absolute since
proteins with phenylalanine at the X position can undergo farnesylation or
geranylgeranylation (Carboni et al., 1995). A number of studies have
demonstrated that when farnesylation is inhibited, KRAS4B and NRAS become
geranylgeranylated and are targeted to the membrane thus retaining their function
(Lerner et al., 1997; Rowell et al., 1997; Whyte et al., 1997). Since FTIs inhibit
hSpindly kinetochore localization, we predict it cannot inherently be
geranylgeranylated to retain its function in the presence of FTIs. We investigated
whether a geranylgeranylation motif on the hSpindly C-terminus can target it to
kinetochores, assuming it undergoes geranylgeranylation, by replacing the last
glutamine of hSpindly with leucine or phenylalanine (referred to as Spindly-GGl1
and Spindly-GG2), converting it from a farnesylation substrate to a

geranylgeranylation substrate (Figure 3.13). These constructs did not localize to
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kinetochores during mitosis in HeLa cells (Figure 3.13) demonstrating that a
geranylgeranylation motif on hSpindly cannot functionally substitute for the
farnesylation motif making hSpindly a potential clinical target for FTIs unlike
RAS proteins. Expression of Spindly-GG1 and Spindly-GG2 is shown in Figure
3.14A.
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Kinetochore localization

A Untreated  Vinblastine
WT 1 601 CPQQGOS . .
Spindly-E  m——— CPTQ + +
Spindly-F  m——— CP\/Q + +

Spindly-GG1 n——— ()| - -

Spindly-GG2 m——— (P> () F — —

B Untreated Vinblastine
EGFP-Spindly EGFP-Spindly

Spindly-GG2

Figure 3.13: hSpindly farnesylation motif can be substituted with CENP-E or
CENP-F farnesylation motif but not a geranylgeranylation motif.

(A) A schematic diagram of hSpindly depicting substitution of its farnesylation
motif with CENP-E and CENP-F, referred to as Spindly-E and Spindly-F,
respectively. The last aa of Spindly is changed such that it is a
geranylgeranylation motif instead of farnesylation motif referred to as Spindly-
GG1 and Spindly-GG2. The kinetochore localization of each construct is shown
(+ indicates kinetochore localization and — indicates non-kinetochore
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localization). aa numbers are indicated.

(B) HelLa cells were transiently transfected with EGFP-hSpindly fusion constructs
(shown in Figure 4A) and kinetochore localization ability of each construct was
analyzed using fluorescence microscopy. Representative images show that the
farnesylation motif of Spindly can be replaced with the farnesylation motif of
known farnesylated proteins, CENP-E and CENP-F, but a geranylgeranylation
motif cannot target hSpindly to kinetochores. Scale bar, 10 um.
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Figure 3.14: Expression of hSpindly mutants and hCENP-F mutant using
western blot analysis.

Immunoblots showing the expression of GFP-hSpindly and GFP-hCENP-F fusion
proteins transfected into HEK293 cells. GFP-fusion proteins were labeled with
IR800-conjugated rabbit anti-GFP antibody. Molecular mass markers detected in
the same channel are shown on each blot. (Masses indicated in kD). WT- wild
type. All hSpindly and CENP-F mutant constructs migrated at the expected size.
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3.3.4 hSpindly is farnesylated on its C-terminal cysteine residue and
farnesylation is essential for its interaction with the RZZ complex

To investigate if hSpindly undergoes farnesylation in vivo, pEGFP-WT
Spindly, pEGFP-C602A hSpindly (of the CAAX motif), pEGFP-Spindly-E and
pEGFP-Spindly-F transfected HelLa cells were labeled with alkynyl-farnesol
(Alk-FOH), a farnesyl group analogue (Charron et al., 2011), in the presence or
absence of FTIs. Farnesylated proteins were detected by performing
bioorthogonal ligation (click chemistry) with a fluorescent tag followed by
fluorescence signal detection on a western blot. WT-Spindly is farnesylated as
indicated by the presence of a fluorescent band (Figure 3.15, lane 5) and
farnesylation is inhibited in the presence of FTIs (Figure 3.15, lanes 3 & 4).
Furthermore, Spindly-E and Spindly-F undergo farnesylation as expected since
these constructs localize to kinetochores (Figure 3.15, lanes 1 & 2). The hSpindly
C602A mutant cannot localize to kinetochores and did not undergo farnesylation

(lane 6). These results provide an in vivo validation of hSpindly farnesylation.
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Figure 3.15: hSpindly is farnesylated in vivo.

HeLa cells transiently expressing wild type GFP-WT hSpindly, GFP C602A
hSpindly (of CAAX motif), GFP-hSpindly-E and GFP-hSpindly-F were
metabolically labeled with alkynyl-farnesol (prenylation reporter) and HeLa cells
expressing wild-type GFP-Spindly were either treated with FTI or DMSO.
Fluorescence detection of farnesylated immunoprecipitated GFP-tagged hSpindly
protein as shown on western blot (top panels). The loading control is shown in the
lower panel. WT-Spindly, Spindly-E and Spindly-F exhibit bands indicating
farnesylation. Farnesylation of WT-Spindly is inhibited in the presence of FTIs
(lanes 3 & 4). As expected, C602A mutant of hSpindly is not farnesylated in vivo
(lane 6).
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We have shown that the RZZ complex does not recruit hSpindly to
kinetochores when farnesylation is inhibited (Figure 3.9). hSpindly interacts with
the RZZ complex and this interaction is sensitive to the presence of detergent in
the lysis buffer (Barisic et al., 2010; Chan et al., 2009) suggesting that
farnesylation may regulate hSpindly/RZZ complex interaction. To investigate
this, we performed co-immunoprecipitation (co-IP) experiments using HeLa cells
treated with either DMSO or FTI for 24 h. Mitotic populations were enriched by
double thymidine block and nocodazole treatment. We found that hSpindly
associated with Zw10 and Rod (RZZ complex subunits) in DMSO-treated cells as
shown previously (Figure 3.16) (Barisic et al., 2010; Chan et al., 2009). This
interaction, however, is lost in FTI-treated cells indicating that farnesylation of

hSpindly is required for its interaction with the RZZ complex (Figure 3.16).
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Figure 3.16: Inhibition of farnesylation abrogates hSpindly interaction with
the RZZ complex.

IP of hSpindly (70 kD) from mitotic HeLa cell lysates followed by SDS-PAGE
and western blot against Zw10 (89 kD) or Rod (250 kD) RZZ complex subunits.
I, input; IP, immunoprecipitated; FT, flowthrough. HeLa cells were treated with
either DMSO or 10 uM of FTI-L744832 for 24 h before harvesting and arrested in
mitosis with nocodazole treatment. Zwl0 and hSpindly are indicated by
arrowheads (higher in the IP lanes) and * denotes non-specific band. Inhibition of
farnesylation leads to loss of hSpindly and RZZ complex interaction.
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Since the C602A hSpindly mutant is not farnesylated in vivo, we
transfected siRNA resistant GFP-C602A hSpindly or GFP-WT hSpindly into
HeLa cells knocked down for endogenous hSpindly (Figure 3.17),
immunoprecipitated mitotic cell lysates using GFP Trap and analyzed for Rod and
Zw10 pull down. The C602A hSpindly mutant showed complete loss of the RZZ
complex pull-down demonstrating that loss of hSpindly farnesylation abrogated
the interaction between hSpindly and the RZZ complex subunits (Figure 3.18).
This supports the idea that the presence of a farnesyl group on hSpindly is
required for its interaction with the RZZ complex and its subsequent recruitment

to kinetochores.
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Figure 3.17: Knockdown of hSpindly protein in HeLa cells using siRNA.

(A) Immunoblots of HeLa cells transfected with either control (scrambled) siRNA
or hSpindly siRNA for 24 h and harvested after 48 h of transfection. Tubulin is
used as a loading control.

(B) Quantitative analysis of hSpindly knockdown shows 73.5% knockdown of
hSpindly protein. Bar graphs show the results of three independent experiments
and error bars indicate standard deviation from means.
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Figure 3.18: Inhibition of hSpindly farnesylation abrogates its interaction
with the RZZ complex.

GFP-Trap from mitotic HeLa cells with endogenous hSpindly knockdown and
expressing siRNA resistant (siRNA r) GFP-WT hSpindly (98.5 kD) or GFP
C602A hSpindly mutant (98.5 kD). GFP-Trap followed by western blot against
Zw10 (89 kD) or Rod (250 kD) subunits of the RZZ complex. I, input; IP,
immunoprecipitated; FT, flowthrough. Cells were incubated in nocodazole to
accumulate in mitosis before harvesting. The cysteine to alanine mutant of GFP-
hSpindly (C602A) leads to loss of hSpindly and the RZZ complex interaction.
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3.3.5 hSpindly depletion and FTI treatment have similar mitotic phenotype
FTI-treated cells are known to accumulate at the G2-M boundary (Ashar
et al., 2000; Crespo et al., 2002; Crespo et al., 2001). We observed prometaphase
accumulation, mostly in the rosette arrangement with FTI treatment as compared
to control DMSO-treated cells (Figure 3.19A) (Crespo et al., 2001). The
percentage of metaphase cells is also significantly reduced indicating that
farnesylation is a critical step for transition from prometaphase to metaphase
(Figure 3.19B). The cells in metaphase did not show significant lagging
chromosomes at the spindle poles, which is a characteristic phenotype of CENP-E
knockdown. To examine the mitotic phenotype of FTI treatment and hSpindly
depletion in real time, we performed time-lapse imaging experiments using HeLa
cells stably expressing GFP-tubulin and mCherry-histone H2B. FTI-treated and
hSpindly-depleted cells spent an increased time in mitosis from nuclear envelope
breakdown to anaphase onset (mean of 116 and 180 min for FTI treatment and
hSpindly siRNA respectively versus a mean of 57 and 55 min for DMSO
treatment and scrambled siRNA respectively) (Figure 3.20A & B; Videos 1-4).
hSpindly-depleted and FTI-treated cells exhibited prometaphase delay, as a result
of prolonged chromosome alignment, and delayed anaphase onset following
metaphase with both delays being more pronounced in hSpindly-depleted cells
(Figures 3.21A, B & C). A fraction of cells with mitotic arrest due to FTI or
hSpindly depletion was observed to undergo cell death or chromatin
decondensation. hSpindly-depleted cells spent 2 times longer transitioning from
metaphase to anaphase as compared to FTI-treated cells (Figure 3.21). There are
two possible explanations for the difference. Firstly, in hSpindly-depleted cells,
there is a lack of both hSpindly protein presence and its kinetochore localization.
The fact that hSpindly is present but not localized to kinetochores upon FTI
treatment suggests farnesylation is not required for checkpoint silencing.
Secondly, FTIs have a multitude of targets and we cannot rule out the possibility
that some other target is compensating for the prolonged prometaphase and

anaphase onset (Sebti, 2005; Sebti and Der, 2003). FTI treatment and hSpindly
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knockdown have the same phenotype but differ in severity suggesting that the

mitotic effects of FTIs are caused by a lack of hSpindly kinetochore localization.
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Figure 3.19: FTI treatment leads to mitotic accumulation in HeLa cells.

(A) Representative phenotype of FTI-treated HeLa cells showing prometaphase
and metaphase phenotypes. FTI treatment in HeLa cells leads to prometaphase
accumulation and very few metaphase cells. HeLa cells treated with FTI for 24 h
were immunostained with anti-hSpindly, anti-tubulin and ACA antibodies and
stained with DAPI to visualize DNA. Scale bar, 10 pm.

(B) Accumulation in prometaphase during mitosis was observed in FTI-treated
cells as compared to DMSO-treated control. HeLa cells were treated with either
10 uM of FTI-L744832 or DMSO for 24 h, fixed, and immunostained for
hSpindly and tubulin. DNA is visualized by DAPI staining. 100 cells were
counted in separate experiments for DMSO (n=8) and FTI-treated cells (n=7).

Error bars are SD.
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Figure 3.20: Phenocopying of farnesylation inhibition with hSpindly
knockdown by siRNA.

(A) Representative stills from videos of GFP-tubulin & mCherry H2B expressing
HeLa cells treated with either DMSO or 10 uM of FTI-L744832 for 24 h before
filming. Time is shown in 10 min intervals. Scale bar as shown in 3.20B.

(B) Representative stills from videos of GFP-tubulin & mCherry H2B expressing
HeLa cells treated with either control (scrambled) siRNA or hSpindly siRNA for
33 h before filming. Time is shown in 10 min intervals. Scale bar, 10 pm
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Figure 3.21: Comparison of mitotic duration of FTI-treated and Spindly
knockdown cells show enhanced prometaphase-metaphase delay in Spindly
knockdown cells.

(A) Box plots comparing the duration of nuclear envelope breakdown (NEBD) to
anaphase between FTI- and DMSO-treated cells show significant mitotic delay in
FTI-treated cells. 7 experiments, >60 cells in total were analyzed for each
treatment. Boxes represent interquartile distributions and whiskers represent 10th
and 90th percentiles.

(B) Box plots comparing the duration of nuclear envelope breakdown (NEBD) to
anaphase between control (scrambled) siRNA and hSpindly siRNA treated cells
show significant mitotic delay in hSpindly siRNA treated cells. 8 experiments,
>80 cells in total were analyzed for each treatment. Boxes represent interquartile
distributions and whiskers represent 10th and 90th percentiles.

(C) Duration of NEBD to metaphase, metaphase to anaphase and NEBD-
anaphase in FTI and hSpindly siRNA treated HeLa cells shows all are increased
in Spindly knockdown cells with metaphase to anaphase time difference being
significant. n=18 for FTT and n=22 for hSpindly siRNA. Error bars are SD.
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3.4 Discussion

In our current structure function study, we mapped the kinetochore
localization domain of hSpindly to its C-terminal 294-605 aa (Figure 3.22).
Furthermore, our data showed that hSpindly undergoes farnesylation, which is
essential for hSpindly kinetochore localization. Substitution of the farnesylation
motif with a geranylgeranylation motif does not support hSpindly kinetochore
localization. We found that FTI treatment does not interfere with kinetochore
localization of the RZZ complex, CENP-E or CENP-F. Additionally,
farnesylation plays a pivotal role in the interaction of hSpindly with the RZZ
complex providing insight into lipid modification regulating checkpoint protein
assembly. Our results showed that FTI treatment and hSpindly knockdown share
the same phenotypes, prolonged prometaphase and metaphase with chromosome
alignment defects, differing only in severity. Our analysis indicates that hSpindly

is likely a key farnesylation target leading to FTI induced mitotic defects.
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Figure 3.22: A schematic representation of hSpindly domains.
A schematic representation of hSpindly kinetochore localization domain,

dynein/dynactin recruitment domain and post-translational modifications.
SB;Spindly box.
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Kinetochore localization analysis of an extensive hSpindly mutant library
consisting of truncation, insertion, deletion, and substitution constructs showed
that both the coiled-coil domain II and the C-terminus of hSpindly are required
for kinetochore localization (Figure 3.2, Figure 3.4Figure 3.5). Although Barisic
et al. (2010) has previously shown that the 293-605 aa fragment of hSpindly did
not localize to kinetochores, we found that this specific fragment (N3 construct)
does not impair kinetochore localization of hSpindly (Figure 3.2). This
discrepancy could be the result of overexpression, differences in fusion tags, or
the sensitivity of the two assays. Overexpression of coiled-coil proteins often
results in aggregation, which can lead to mislocalization of the protein resulting in
a false negative. Immunostaining with anti-FLAG antibody to analyze
kinetochore localization by Barisic ef al. compared to GFP-fusion constructs may
influence the detection sensitivity and our assay is maximized for sensitivity with
vinblastine treatment. Barisic ef al. (2010) concluded that both coiled-coil domain
IT and the Spindly box (253-284 aa) contribute to kinetochore localization. In our
study, construct N3 (294-605 aa) lacking the Spindly box localized to
kinetochores and we conclude that the Spindly box does not contribute to
kinetochore localization. The Spindly box, however, was previously shown to be
critical for dynein recruitment (Barisic et al., 2010; Gassmann et al., 2010)
suggesting that the hSpindly kinetochore localization domain (294-605 aa) is
different from its dynein recruitment domain (Figure 3.22). Additionally, we
found that the N4 construct (322-605 aa) localized to kinetochores only when
cells were treated with vinblastine suggesting the region between 293-322 aa is
important for kinetochore binding affinity (Figure 3.2 & Figure 3.22). Deletion of
residues in this region might facilitate premature interaction of hSpindly N4
construct with the dynein/dynactin complex, which transports it off kinetochores
to the spindle poles. When kinetochore-microtubule attachment is disrupted by
vinblastine, dynein-mediated transport is abolished and the N4 construct is
retained on kinetochores. Thus 294-322 aa of hSpindly is required for high

affinity binding to kinetochores although the precise mechanism warrants further
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investigation. Insertion and site-directed hSpindly mutants revealed that deletions
in residues 596-605, or substitution of the C-terminal cysteine were not tolerated
indicating 596-605 aa are important and the C-terminal cysteine is essential for
hSpindly kinetochore localization (Figure 3.4 & Figure 3.5). These results are in
agreement with Barisic ef al. (2010) where deletion mutant 604-605 aa (AQQ)
and substitution mutant C602S both did not localize to kinetochores. It also
revealed that C-terminus residues constitute a potential CAAX farnesylation
motif.

The role of farnesylation in targeting proteins to the membrane is well
known. It was first realized with the discovery of CENP-E and CENP-F
farnesylation, that lipid modifications regulate mitotic protein functions. The
hSpindly CPQQ farnesylation motif is conserved in vertebrates but not in
Drosophila and C. elegans (Figure 3.8). Inhibition of farnesylation led to
complete loss of hSpindly kinetochore localization but had no effect on
kinetochore localization of the RZZ complex (Figure 3.9). The 25% decrease in
hSpindly protein expression upon FTI treatment is not responsible for the absence
of hSpindly kinetochore localization and suggests that hSpindly may be slightly
more susceptible to degradation in the absence of farnesylation. hSpindly was
shown to be degraded when it is not localized to kinetochores, however,
interaction between hSpindly and the RZZ complex and not kinetochore
localization stabilizes the hSpindly protein (Chan et al., 2009). Our in vivo
labeling experiment results confirmed that hSpindly is farnesylated on the
cysteine of its CAAX motif and farnesylation is abolished in the C602A mutant of
hSpindly (Figure 3.15). These results show that farnesylation is required for
hSpindly kinetochore localization.

The presence of the RZZ complex on kinetochores when farnesylation is
inhibited indicates that it is unable to recruit hSpindly. Farnesylation has been
reported to regulate protein-protein interactions, two key examples being RAS
and Lamin B (Bhattacharya et al., 1995; Kisselev et al., 1995; Kitten and Nigg,
1991; Kuroda et al., 1993; Mical and Monteiro, 1998; Porfiri et al., 1994; Rubio
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et al., 1999). Farnesylated RAS interacts with and activates Raf-1 kinase, however
if RAS is not farnesylated, it can still interact with Raf-1, but Raf-1 is poorly
activated (Booden et al., 2000; Luo et al., 1997). Lamin B localizes to the nuclear
membrane and is postulated to bind the lamin B receptor on the membrane. Lamin
B cofractionation with lamin B receptor was abolished in cells with lamin B
lacking a CAAX farnesylation motif (Mical and Monteiro, 1998). It remains
unclear if the farnesyl group binds directly with the interacting protein or if the
presence of the farnesyl group induces a conformational change and creates a
binding site for its interacting protein. Rubio et al. proposed that farnesylation
induces a conformational change in RAS creating a binding site for the G-protein
responsive phosphoinositide 3-kinase p110y. Our co-IP and GFP Trap results
showed hSpindly farnesylation is a prerequisite for its interaction with the RZZ
complex (Figure 3.16 & Figure 3.18). Farnesylation remodels the C-terminus of a
protein from hydrophilic to hydrophobic. Insight into the role of the farnesyl
group in binding to a hydrophobic pocket on the RZZ complex could be obtained
from the crystal structure of the RZZ complex. The crystal structure of the
hZwilch split construct (1-334 & 335-591 aa) and in vitro experiments showed
that hZwilch binds to the N-terminus of Rod and hZw10 bind to the C-terminus of
Rod (Civril et al., 2010). Super-resolution microscopy mapping has suggested that
the C-terminus of hSpindly binds Zwilch and/or the N-terminus of Rod since they
are spatially close to each other (Varma et al., 2013). The main goal of future
studies is to identify how farnesylation regulates hSpindly and RZZ complex
interaction and which RZZ subunit interacts with hSpindly. Absence of a
farnesylation motif in Spindly in Drosophila and C. elegans (Figure 3.8) suggests
that farnesylation is not required for its interaction with the RZZ complex in these
organisms. We found that the hSpindly/RZZ complex interaction, mediated
through hSpindly farnesylation is essential for its kinetochore recruitment (Figure
3.23). We propose that farnesylation induces a conformational change in hSpindly
such that it can interact with the RZZ complex (Figure 3.23). Co-IP and GFP Trap

experiments showed that non-farnesylated hSpindly is unable to interact with the
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RZZ complex subunits Zw10 and Rod. In our model, we predict that the RZZ
complex acts as a kinetochore recruitment factor for hSpindly, and Zwilch and/or
Rod interacts directly with hSpindly based on recent super-resolution microscopy
findings (Varma et al., 2013) (Figure 3.23). RZZ in complex with hSpindly is
recruited to unattached kinetochores whereby hSpindly recruits the
dynein/dynactin complex (Figure 3.23) although which subunit interacts directly
with hSpindly is not clear. Once all chromosomes are bi-oriented, the
dynein/dynactin complex transports the checkpoint proteins from the kinetochores

to the spindle poles.
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‘Farnesylation ? Dynein/dynactin

Figure 3.23: A proposed model of hSpindly kinetochore localization.

hSpindly farnesylation induces a conformational change such that it can interact
with the RZZ complex subunits Rod and Zwilch, which recruits recruiter
hSpindly to kinetochores during mitosis. hSpindly further recruits
Dynein/Dynactin complex to kinetochores. Once all the chromosomes are aligned
on the metaphase plate, hSpindly and the RZZ complex is transported from the
kinetochores to spindle poles.
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Interestingly, hSpindly constructs O (insertion T600-QLRPH), del592-596
aa, and Q601A that contained mutations upstream of the CAAX motif, localized
to kinetochores only when cells were treated with vinblastine (Figure 3.2, Figure
3.4, Figure 3.5 & Table 3.1). These results suggest that the hydrophobicity,
charge, and/or posttranslational modifications of the residues upstream of the
farnesylation motif might play a role in binding affinity. Insertion mutant O
(T600-QLRPH) places a basic residue (H) where there is an acidic residue (E) in
WT hSpindly. Del592-596 aa replaces hydrophilic serine residues (SSKS) and a
basic lysine with hydrophobic residues (PIL). Q601A replaces a polar hydrophilic
residue (Q) with an amphiphilic residue (A). These changes likely have further
consequences in the 3D structure of the protein leading to reduced binding
affinity. Our results reflect a system similar to membrane binding in RAS
proteins, where the CAAX farnesylation motif requires an upstream second
signal, which in HRAS, NRAS and KRAS4A is an upstream cysteine residue, that
is palmitoylated (Apolloni et al., 2000; Choy et al., 1999). In KRAS4B, however,
the second signal is an upstream lysine rich polybasic region with a net positive
charge of eight (Hancock et al., 1990). Farnesylation and the polybasic region
work together with either one alone being insufficient for membrane binding
(Ahearn et al., 2012). hSpindly has two residues upstream of the CAAX motif that
are phosphorylated; serine®** and threonine®” (Hornbeck et al., 2012). Mutants
with a deletion encompassing serine®®* (Del592-596 aa) and substitution of
threonine®” with alanine (T600A) localized to kinetochores although Del592-596
aa localized to kinetochores only with vinblastine (Figure 3.5). We propose that
the region upstream of the hSpindly CAAX motif (hydrophilic and acidic) acts as
a second signal for binding affinity due to its charge properties since there is no
upstream cysteine that can undergo a second lipid modification (Figure 3.22).

Evidence regarding the effect of FTI on CENP-E and CENP-F kinetochore
localization is controversial. Several studies have shown that inhibition of
farnesylation does not affect CENP-E and CENP-F kinetochore localization
(Ashar et al., 2000; Crespo et al., 2002; Crespo et al., 2001; Verstraeten et al.,
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2011). Ashar et al. and Verstraeten et al. treated A549 cells (for 4 days) and
human skin fibroblasts (for 3 days) with FTI and did not observe any effect on
CENP-E or CENP-F kinetochore localization. Crespo et al. treated Calu-1 and
A549 cells with FTI for 48 h and observed CENP-E and CENP-F kinetochore
localization. Schafer-Hales et al. showed that 16 h FTI treatment of 1A9 ovarian
cancer cells disrupts CENP-E and CENP-F kinetochore localization at metaphase
but not at prometaphase. Hussein et al. reported the inability of a CENP-F
cysteine to alanine C3207A mutant (of the CAAX motif) to localize to
kinetochores indicating that farnesylation is essential for CENP-F kinetochore
localization (Hussein and Taylor, 2002). In the same study, however, FTI
treatment did not affect endogenous CENP-F kinetochore localization in
agreement with other studies (Crespo et al., 2001; Hussein and Taylor, 2002;
Schafer-Hales et al., 2007). In our analysis, inhibition of farnesylation using FTIs
did not impair CENP-E or CENP-F kinetochore localization as indicated by
quantitative analysis (Figure 3.11). In contrast to Hussein et al., our CENP-F
C3207A mutant localized to kinetochores (Figure 3.12). Thus, the mitotic effects
of FTIs cannot be attributed to loss of CENP-E and CENP-F kinetochore
localization.

FTIs were originally developed to prevent RAS farnesylation; however, it
was soon realized that not all the effects of FTIs were due to inhibition of RAS
farnesylation as RAS can alternatively undergo geranylgeranylation in the
presence of FTIs. Additionally, cell lines lacking any RAS mutations responded
to FTIs (Sepp-Lorenzino et al., 1995). Prometaphase delay and chromosome
alignment defects in FTI-treated cells were previously hypothesized to be due to
CENP-E and CENP-F farnesylation inhibition. One study disputed this hypothesis
and suggested the mitotic effects were caused by additional unknown
farnesylation targets (Crespo et al., 2001). Our live-cell imaging results showed
striking similarities between FTI treatment and the hSpindly knockdown
phenotype, such as prolonged prometaphase, chromosome alignment defects and

delayed anaphase onset following biorientation, differing only in severity. Unlike
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KRAS and NRAS, geranylgeranylation does not appear to substitute for
farnesylation in hSpindly kinetochore localization, making hSpindly a potentially
good target for FTIs as anti-cancer drugs (Figure 3.13). Extensive clinical trials
using tipifarnib, lonafarnib, BMS-214662 and L-7778123 have mostly
demonstrated little efficacy in cancer patients except a subset of patients with
hematological malignancies (Berndt et al., 2011). Tipifarnib has shown efficacy
against breast cancer in addition to acute myeloid leukemia and chronic
myelogenous leukemia (Gotlib, 2005; Johnston et al., 2003). Two studies used a
two-gene signature (RASGRP1/APTX ratio) to select which acute myeloid
leukemia patients could receive tipifarnib treatment (Karp et al., 2012; Raponi et
al., 2008). Similarly, lonafarnib has shown efficacy in acute myeloid leukemia
and chronic myelogenous leukemia. Recently FTI therapy showed very promising
results in patients with Hutchinson-Gilford Progeria syndrome and a clinical trial
is ongoing (Wong and Morse, 2012). The biggest challenge to the development of
FTI drugs is the lack of knowledge of their target effectors. Here, we propose
hSpindly as a novel FTI mitotic target and potential prognostic marker for using
FTIs as a therapeutic treatment.

We therefore propose a novel role of farnesylation in targeting a
checkpoint protein, hSpindly, to kinetochores. Here, we showed that farnesylation
of hSpindly regulates its interaction with the RZZ complex and its recruitment to
kinetochores through this interaction. Our data also explains the mitotic effects
observed upon FTI treatment. Further research is required to investigate if

hSpindly expression is altered in specific cancers.
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Chapter 4 Phospho Regulation of hSpindly and
dynein/dynactin complex recruitment through hp50

subunit
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4.1 Abstract

Kinetochore localization of mitotic checkpoint proteins is essential for their
function during mitosis. Among the several checkpoint proteins is hSpindly, an
adapter for the dynein/dynactin complex at kinetochores. hSpindly is
phosphorylated during mitosis and here I describe a role for phosphorylation in
hSpindly kinetochore binding affinity and its transport to spindle poles during
mitosis. I showed that inhibition of hSpindly phosphorylation does not affect its
kinetochore localization capability but it induces premature transport of hSpindly
to kinetochores. The premature transport to the spindle poles is dependent on
kinetochore-MT attachments. [ also showed that hSpindly is a dynamic
kinetochore component with a moderate exchange rate at prometaphase and very
high turnover at metaphase kinetochores using fluorescence recovery after
photobleaching. In addition, I revealed a novel interaction partner of hSpindly by
showing that hSpindly interacts with the hp50 subunit of dynactin by the yeast 2-
hybrid assay.
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4.2 Introduction:

Mitosis is a cell cycle process by which one cell divides and equally
distributes its chromosomes into two daughter cells. During cell division, the
faithful segregation of genetic material into two daughter cells is controlled by the
mitotic checkpoint (Musacchio and Salmon, 2007). Failure of the mitotic
checkpoint has been closely linked to aneuploidy, which is a hallmark of most
solid tumors, and mutations in mitotic checkpoint proteins have been linked to
mitotic checkpoint dysfunction and cancer (Cahill et al., 1998; Dai et al., 2004;
Michel et al., 2001; Wang et al., 2004b). After nuclear envelope breakdown,
microtubules (MTs) emanating from the two spindle poles establish links with the
kinetochores of sister chromatids. During this process, the sister kinetochores
often establish aberrant kinetochore-MT attachments (Kelly and Funabiki, 2009;
Silva et al., 2011). The kinetochore-MT error correction mechanism is mediated
by Aurora B kinase, which localizes to the inner centromere and de-stabilizes
erroneous kinetochore-MT attachments (Kelly and Funabiki, 2009). The mitotic
checkpoint is kept in an on state until all the kinetochore-MT attachments are
corrected and all chromosomes are aligned on the metaphase plate, and are under
tension. The presence of even a single unaligned chromosome delays anaphase
onset by keeping the checkpoint in an active state (Rieder et al., 1994). Alignment
of chromosomes at the metaphase plate gives rise to tension across sister

kinetochores (Musacchio and Salmon, 2007).

In budding yeast, core components of the checkpoint include Bub1, Bub3,
Madl, Mad2, Mad3 and Mps1. However, in metazoans, additional well-conserved
proteins such as the RZZ complex and hZwint-1 are also essential components of
the mitotic checkpoint (Chan et al., 2000; Karess, 2005; Starr et al., 1998).
Kinetochore recruitment of the RZZ complex is dependent on the KMN (KNLI,
Mis12, and Ndc80) network and Zwint-1 during late prophase (Cheeseman et al.,
2006; Vos et al., 2011). The RZZ complex is required for kinetochore localization
of checkpoint proteins Madl, Mad2, hSpindly and the dynein/dynactin complex
(Chan et al., 2009; Starr et al., 1998; Vos et al., 2011; Williams et al., 2003). The
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mitotic checkpoint generates a “wait” signal to delay anaphase initiation in the
form of the mitotic checkpoint complex (MCC) composed of Mad2, Bub3,
BubR1 and Cdc20 (Sudakin et al., 2001; Tang et al., 2001), that directly inhibits
the anaphase promoting complex/cyclosome (APC/C) (De Antoni et al., 2005;
Fang et al., 1998; Luo et al., 2004; Tipton et al., 2011). APC/C is an E3 ubiquitin
ligase required to direct the degradation of securin and cyclin B to exit mitosis
(King et al., 1995; Sudakin et al., 1995).

As mentioned earlier, hSpindly kinetochore localization is dependent on
the RZZ complex. hSpindly plays a critical role in checkpoint silencing by
recruiting the dynein/dynactin motor complex that transports checkpoint proteins,
such as Madl, Mad2, the RZZ complex and hSpindly, from kinetochores to
spindle poles thus inactivating the checkpoint (Barisic et al., 2010; Chan et al.,
2009; Famulski et al., 2011; Gassmann et al., 2008; Howell et al., 2001). The
dynein/dynactin complex localizes to kinetochores during prometaphase but not at
metaphase (Echeverri et al., 1996; Pfarr et al., 1990). Dynein is a multi-subunit
minus end directed MT motor that functions during mitosis in kinetochore-MT
attachment, mitotic checkpoint silencing, and chromosome movement during
prometaphase and anaphase (Bader and Vaughan, 2010) and requires dynactin for
all its functions (King and Schroer, 2000). Once sister kinetochores are bi-
oriented, dynein/dynactin transports the checkpoint proteins to the spindle poles
prior to the onset of anaphase leading to mitotic checkpoint silencing (Howell et
al., 2001; King et al., 2000; Wojcik et al., 2001). hSpindly is proposed to act as an
adapter linking dynein and dynactin as well as their cargos, and this association
(dynein-Spindly-dynactin) facilitates the motor activity of dynein along MTs
(McKenney et al., 2014). Knockdown of hSpindly causes chromosome
congression defects, loss of dynein/dynactin kinetochore localization and
prometaphase delay. However, in hSpindly-depleted cells, the checkpoint proteins
are removed from the kinetochores of bi-oriented chromosomes in a delayed
manner perhaps by a dynein/dynactin independent mechanism (Chan et al., 2009;

Gassmann et al., 2010). In contrast, Spindly box point mutants of hSpindly

145



(S256A and F258A) that localize to kinetochores but uncouple hSpindly from
dynein/dynactin recruitment, arrest the cells in metaphase and prevents the
removal of Zw10, a proportion of Mad2 protein and hSpindly mutants from
kinetochores (Barisic et al., 2010; Gassmann et al., 2010). This metaphase arrest
induced by hSpindly’s box mutants suggests that dynein/dynactin mediated
removal of hSpindly from kinetochores is required for mitotic checkpoint
silencing and progression into anaphase. hSpindly has a conserved function of
dynein kinetochore recruitment in Drosophila. C. elegans and humans but there is
a significant gap in the knowledge of how hSpindly recruits dynein to
kinetochores as no direct interaction has been reported to date (Chan et al., 2009).
To define the dynein/dynactin recruitment by hSpindly, I set out to investigate
and characterize the dynein/dynactin subunit interacting with hSpindly.

Protein phosphorylation is known to temporally target proteins to the
mitotic spindle and kinetochores in addition to functionally regulate the mitotic
checkpoint (Elia et al., 2003; Malik et al., 2009; Whyte et al., 2008).
Phosphorylation of checkpoint proteins is the most common modification
regulating their structure and function (Kang and Yu, 2009; Kemmler et al.,
2009). Phosphorylation of checkpoint proteins plays a pivotal role not only in the
regulation of checkpoint function but all phases of mitosis (Elowe et al., 2007;
Kraft et al., 2003; Malik et al., 2009; Nousiainen et al., 2006). Entry into mitosis
is dependent on the activation of Cdkl (cyclin dependent kinase 1) in complex
with cyclin B (Porter and Donoghue, 2003). Additional prominent checkpoint
kinases include Plk1, Aurora A and B, Mpsl and BubR1 (Abrieu et al., 2001;
Nigg, 2001). hSpindly has been reported to undergo phosphorylation during
mitosis in two different studies as a slower migrating band in nocodazole-treated
cells that disappeared after treatment with A-phosphatase (Barisic et al., 2010;
Chan et al., 2009). Therefore, I sought to examine the role of hSpindly

phosphorylation on its kinetochore localization and checkpoint function.
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4.4 Results
4.4.1 hSpindly has numerous phosphorylation sites within the kinetochore
localization domain.

As mentioned earlier, hSpindly is phosphorylated during mitosis (Barisic
et al., 2010). Phosphorylation prediction software program Group based
Prediction System 3.0 (GPS 3.0) was used to identify hSpindly potential
phosphorylation sites for mitotic kinases (Cdkl, Aurora kinase family,
Mpsl/TTK, Nek2 & Plk1) (Xue et al., 2011). This software program predicted 29
sites in total with 13 serines and 16 threonines (Table 4.1). To narrow down the
list, I used PhosphoSitePlus (PSP) to identify the residues phosphorylated in vivo
based on mass spectrometry results (Hornbeck et al., 2012). Currently, PSP
reports 13 phosphorylation sites on hSpindly protein with most sites being
clustered in the C-terminal end (Figure 4.1). All of these sites are within the
kinetochore localization domain of hSpindly (294-605aa). Some of the PSP sites
are not included in the GPS 3.0 prediction if I set the prediction threshold to high
(Table 4.1); however, if I use the medium threshold for GPS 3.0 prediction then
those sites are predicted to be phosphorylated as well. Kinases predicted to
phosphorylate the PSP residues are shown in Table 4.2. I examined if PSP
phosphorylation sites are conserved in vertebrates (Figure 4.2). Out of the 13
residues, S576 and S594 are evolutionarily conserved, and T600 and S515 are
conserved in some organisms.

To investigate the functional aspect of phosphorylation of hSpindly, I
chose four phosphorylation sites for mutagenesis: T487, S509, S513 and S515. 1
did not include other sites in our studies, as those sites were not listed in PSP
database at the time I started this study. Most of these sites have been reported
recently on PSP and I am in the process of generating more phospho mutants of
hSpindly. T600A was generated in the previous study (Figure 3.5B) and it did not
affect the kinetochore localization. The S515 site is conserved in mouse and rat
whereas the other 3 sites are not conserved in these organisms. The selected 4

phosphorylation sites in hSpindly were mutated to either an unphosphorylatable
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residue (alanine) or a phospho-mimic residue (asparatic or glutamic acid). These
phospho mutant constructs were cloned into a C-terminal GFP vector to analyze

their ability to localize to kinetochores when transfected into HeLa cells.
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Table 4.1: Predicted serine (S) and threonine (T) phosphorylation sites in
hSpindly using GPS 3.0.
Only residues above high threshold (with a predicted false positive rate of 10%)
are shown. Score represents the value calculated by the GPS algorithm to evaluate
the potential of phosphorylation. Higher score represents higher probability to
undergo phosphorylation.

Position | Code Kinase Score
52 T Other/PLK 15.987
126 S Other/AUR/AurB 9.944
171 T Other/PLK 16.409
175 S Other/PLK 12.779
349 S Other/NEK 6.536
365 T Other/TTK/MPS1 8.333
385 T Other/TTK 5.75
390 S Other/PLK 11.208
443 T Other/TTK 6.688
443 T Other/PLK/PLK1 6.862
443 T Other/PLK/PLK1/CDC5 7.833
443 T Other/PLK/PLK1/PLK1 4.264
461 T Other/TTK/MPS1 7.667
471 S Other/PLK 12.565
487 T Other/TTK 6.625
504 S Other/PLK/PLK1 7.826
504 S Other/PLK/PLK1/PLK1 4.242
509 T CMGC/CDK/CDC2 9.315
509 T CMGC/CDK/CDC2/CDK1 14.528
515 S CMGC/CDK 6.841
515 S CMGC/CDK/CDC2/CDK1 10.234
552 T CMGC/CDK/CDC2 10.268
552 T CMGC/CDK/CDC2/CDK1 12.192
555 S CMGC/CDK 7.457
555 S Other/PLK 10.695
555 S CMGC/CDK/CDC2 10.297
576 S Other/PLK 11.24
597 T CMGC/CDK 6.386
597 T CMGC/CDK/CDC2/CDK1 11.659
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Figure 4.1: Schematic of hSpindly C-terminus showing phosphorylation
sites.

Residues shown in red are reported to be phosphorylated in vivo and residues
shown in black are predicted to be phosphorylated based on mouse and rat
phosphorylation sites. (Adapted from PhosphoSitePlus).
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Table 4.2: Kinases predicted by GPS3.0 to phosphorylate sites reported by
PhosphoSite Plus.

If more than one kinase was predicted to phosphorylate a site, the kinase with the
higher potential (score) to phosphorylate a given site was chosen.

Position Code Kinase Score
461 T MPS1 7.667
471 S PLK 12.565
487 T MPS1 6.625
493 S PLK/PLK2 7.605
509 T CDK/CDKS5/CDKS5 17.938
513 S CDK/CDK7/CDK7 0.242
515 S CDK/CDK2/CDK2 27.154
546 S PLK/PLK2/PLK3 4.722
555 S CDK/CDK2/CDK2 19.584
576 S CDK/CDC2/CDK1 4.966
594 S PLK 10.409
600 T CDK/CDK9/CDK9 8.737
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Figure 4.2: hSpindly PSP phospho-sites are not conserved in different
species.

ClustalW alignment of hSpindly protein with PSP phosphorylation sites
highlighted in red shows S555, S594 and T600 conserved during evolution.
Species shown are Homo sapiens (human), Equus callabus (horse), Canis
familiaris (dog), Rattus norvegicus (rat), Mus musculus (mouse), Gallus gallus
(chicken), Xenopus tropicalis (Western clawed frog) and Danio rerio (Zebrafish).
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4.4.2 Mutation of hSpindly phosphorylation sites leads to altered kinetochore
localization.

I mutated the 4 phosphorylation sites (T487A, S509A, S513A and S515A)
within the kinetochore localization domain of hSpindly to alanine and analyzed
their kinetochore localization ability. All these non-phosphorylatable mutants
retained their ability to localize to kinetochores but showed premature
accumulation at poles in prometaphase (Figure 4.3). In some cells these mutants
were noticed at the spindle poles in anaphase whereas in wild type hSpindly
accumulation at the poles is observed only during metaphase (data not shown). I
further created two double non-phosphorylatable mutants encompassing 3 of the
phosphorylation sites: TS09A/S513A and S513A/S515A. These double mutants
also showed premature accumulation at spindle poles similar to the single
phospho mutants (Figure 4.4). I treated phospho mutant transfected HeLa cells
with vinblastine to allow maximal accumulation of checkpoint proteins at
kinetochores. In the presence of vinblastine, these mutants localized only to
kinetochores indicating that polar localization is MT dependent (Figure 4.5). Cells
transfected with hSpindly non-phosphorylatable mutants frequently displayed
unaligned chromosomes at metaphase and lagging chromosomes at anaphase.
These results indicate that these mutants might be exerting a dominant negative

phenotype in these cells.
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EGFP-Spindly EGFP-Spindly

£

Figure 4.3: Enhanced localization of hSpindly non-phosphorylatable mutants
at spindle poles during prometaphase and metaphase.

Fluorescence microscopy of GFP-tagged phospho mutants transfected into HelLa
cells. DNA is visualized using DAPI. Scale bar, 10 um.
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DAPI EGFP-Spindly Pericentrin

T509A/S513A

S513A/S515A

Figure 4.4: Enhanced localization of hSpindly double non-phosphorylatable
mutants at spindle poles.
Fluorescence microscopy of GFP-tagged phospho mutants transfected into HeLa

cells. Pericentrin staining shows spindle poles. DNA 1is visualized using DAPI.
Scale bar, 10 um.
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Figure 4.5: hSpindly non-phosphorylatable mutants localized to kinetochores
under vinblastine treatment showing polar localization is MT dependent.
Fluorescence microscopy of GFP-tagged phospho mutants transfected into HelLa
cells. Strong localization at kinetochores was observed upon treatment with
vinblastine. DNA is visualized using DAPI. Scale bar, 10 pm.
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I generated 3 single and 3 double phospho-mimic mutants of hSpindly as
shown in Table 4.3. EGFP-tagged hSpindly phospho-mimic mutants were
transfected into HeLa cells and I found that single phospho-mimics localized to
kinetochores in untreated and vinblastine treated cells similar to WT-hSpindly.
Double phospho-mimics (T509E/ S513D, TS09E/ S513D and S513D/S515D)
showed enhanced streaming along mitotic spindle MTs (Figure 4.7) as well as
normal kinetochore localization (Figure 4.8). The streaming of EGFP-hSpindly
double non-phosphorylatable mutants suggests that these mutants might be unable

to leave the MTs and accumulate at poles.
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Table 4.3: hSpindly phospho-mimics and their kinetochore localization.

Mutated Site Kinetochore Localization
T509E Normal
S513D Normal
S515D Normal
T509E/ S513D Premature accumulation at poles in
prometaphase
T509E/ S515D Premature accumulation at poles in
prometaphase
S513D/ S515D Premature accumulation at poles in
prometaphase
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DAPI EGFP-Spindly Pericentrin

Vinblastine treated

Figure 4.6: hSpindly single phospho-mimics localized to kinetochores in
untreated and vinblastine treated HeLa cells similar to WT-hSpindly.
Fluorescence microscopy of GFP-tagged hSpindly phospho-mimics transfected
into HeLa cells. DNA is visualized using DAPI. Scale bar, 10 pm.
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Figure 4.7: hSpindly double phospho-mimics showing enhanced streaming
on the mitotic spindle, transport to spindle poles at prometaphase but not
accumulation at poles.

Fluorescence microscopy of GFP-tagged hSpindly phospho-mimics transfected
into HeLa cells. DNA is visualized using DAPI. Scale bar, 10 pm.
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Figure 4.8: hSpindly double phospho-mimics showing normal kinetochore
localization.

Fluorescence microscopy of GFP-tagged hSpindly phospho-mimics transfected
into HeLa cells. DNA is visualized using DAPI. Scale bar, 10 pm.
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4.4.3 Kinetochore dynamics of WT-hSpindly and phospho mutants

To better understand if phosphorylation affects the kinetochore dynamics
of hSpindly, I attempted to understand the WT-hSpindly kinetochore dynamics.
Checkpoint proteins are usually transient kinetochore components with
kinetochore-MT attachment status affecting their kinetochore residency patterns
(Howell et al., 2004). Kinetochore proteins can be classified into two categories
based on their kinetochore residency pattern; stable and transient. The structural
components of kinetochores such as Zwint-1 (Vos et al., 2011) and Spc25
(Schittenhelm et al., 2007) are stable. Other kinetochore proteins show turnover
during mitosis such as Zw10 (Famulski et al., 2008), Mps1 (Howell et al., 2004;
Jelluma et al., 2010) and Mad2 (Defachelles et al., 2015; Howell et al., 2004).
Zw10 has a rapid recovery rate (ti2= 13.8 seconds) at metaphase kinetochores
compared to no recovery at prometaphase kinetochores (Famulski et al., 2008). In
contrast to human Zw10, Drosophila GFP-Rod was shown to be a transient
kinetochore component (ti2 = 1 minute) in prometaphase cells (Basto et al.,
2004), however recently the same lab showed that both Zw10 and Rod are stable
at prometaphase and become dynamic at metaphase in Drosophila larval
neuroblasts (Defachelles et al., 2015). The latter observation is in agreement with
human RZZ kinetochore dynamics (Famulski et al., 2008). It is not clear if
hSpindly kinetochore dynamics are similar to Zw10 and no one has examined if
kinetochore-MT attachments affects hSpindly dynamics.

To analyze hSpindly kinetochore dynamics, I performed FRAP on EGFP-
hSpindly expressing HeLa cells (Figure 4.9). EGFP-hSpindly recovered ~30% of
the initial pre-bleach signal in vinblastine treated HeLa cells showing hSpindly
has 70% immobile fraction at prometaphase. However, the turnover of hSpindly
at unattached kinetochores is moderate compared to Zwl0. At metaphase
kinetochores, I observed very rapid turnover of hSpindly with ti» of 0.98 seconds,
which is much faster than Zw10 (ti»= 13.8 seconds) (Famulski et al., 2008).
These results suggest that hSpindly becomes a dynamic kinetochore component

upon microtubule attachment similar to Zw10. The fluorescent time-lapse imaging
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from FRAP experiments in metaphase cells revealed the transport of EGFP-
hSpindly (in the form of streaks) along mitotic spindle MTs and accumulation at
spindle poles. This polar transport was mostly unidirectional but I observed that
hSpindly particles sporadically switched direction towards kinetochores or paused
movement along MTs. Similar transport patterns were observed for Mad2 at
metaphase kinetochores (Howell et al., 2000).

I selected a subset of our hSpindly phospho mutants to study their
kinetochore dynamics using FRAP in endogenous hSpindly-depleted cells. I made
siRNA resistant versions of hSpindly non-phosphorylatable and phospho-mimics
to investigate if kinetochore dynamics of these mutants are altered. Expression of
these mutants in cells transfected with hSpindly siRNA is shown in Figure 4.10.
Kinetochore localization of these phospho mutants except for TS09A & S513AR
and S515DR is shown in Figure 4.11. Kinetochore dynamics of hSpindly phospho

mutants remains to be investigated.
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Figure 4.9: hSpindly shows rapid turnover at metaphase but not at

prometaphase.
EGFP-hSpindly expressing HelLa cells were treated with 0.1 uM vinblastine or
untreated (for metaphase cells) and time lapse imaging was performed before and
after photobleaching encompassing a single kinetochore. Bleached kinetochores
are shown in a white circle. Bottom panels show kinetics of fluorescence percent
recovery at prometaphase (left) and metaphase (right) using nonlinear regression
curves plotted as a fraction of initial prebleach signal (n=5). Time scale is in
seconds: milliseconds. Error bars are S.E.M. Scale bar, 5 pm.
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siRNA

Figure 4.10: Correct expression of siRNA resistant WT-hSpindly and
hSpindly phospho mutants using western blot analysis.

Immunoblot showing the expression of GFP-hSpindly fusion proteins transfected
into HEK293 cells, HEK293 cells were previously transfected with hSpindly
siRNA. GFP-fusion proteins were labeled with IR800-conjugated rabbit anti-GFP
antibody. Molecular mass markers detected in the same channel are shown on the
blot. (Masses indicated in kD). WT- wild type.

165



DAPI EGFP-Spindly DAPI EGFP-Spindly

S513A/S515AR

\

S515AR S513D/S515DR

Figure 4.11: Kinetochore localization of siRNA resistant hSpindly phospho
mutants.

Fluorescence microscopy of GFP-tagged hSpindly phospho mutants transfected
into HeLa cells; HeLa cells were previously transfected with 100 nM hSpindly
siRNA to knockdown endogenous hSpindly. DNA is visualized using DAPI. WT
refers to wild type and WTR is siRNA resistant WT version of hSpindly. Scale
bar, 10 um.
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4.4.4 Inhibition of Plkl and Mpsl Kkinase affects hSpindly kinetochore
localization.

hSpindly PSP phosphorylation sites are predicted to be target sites for
Plk1 kinase (S471, S493, S546 and S594) and Mpsl kinase (T461 and T487) in
addition to CDK as shown in Table 4.2. Inhibition of Mpsl kinase using
Reversine demonstrated that Mps1 kinase activity is required for RZZ complex
kinetochore recruitment (Santaguida et al., 2010). Since hSpindly kinetochore
recruitment is dependent on the RZZ complex, I predict loss of hSpindly
kinetochore localization in cells treated with Mpsl1 inhibitor. Treatment of HeLa
cells with AZ 3146, an Mps1 kinase inhibitor, led to complete loss of hSpindly
kinetochore localization (Figure 4.12).

Treatment of HeLa cells with BI2536 (Choi et al., 2015), a Plkl small
molecule inhibitor, led to abnormal kinetochore localization of the RZZ complex
and hSpindly. In prometaphase, the RZZ complex and hSpindly localized to
kinetochores similar to WT. In early metaphase cells, the RZZ complex is absent
from kinetochores and hSpindly is absent from both kinetochores and spindle
poles. In anaphase, the RZZ complex and hSpindly were found to be present at
the kinetochores again. Normally, the RZZ complex and hSpindly are absent from
kinetochores or spindle poles at anaphase. Abnormal RZZ complex kinetochore
localization in response to Plkl inhibition was observed by a previous graduate

student in the lab as well (unpublished results).

167



DAPI Spindly

AZ 3146

Figure 4.12: Mps1 inhibitor treatment leads to loss of hSpindly kinetochore
localization.

HeLa cells treated with 2 uM of AZ 3146 for 2 h, fixed and immunostained for
Spindly. DAPI stains DNA. Scale bar, 10 pum.
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Figure 4.13: Plkl Kkinase regulates the RZZ complex and hSpindly
kinetochore localization.

HelLa cells treated with 100 nM of BI2536 for 30 min, fixed and immunostained
for hSpindly and Rod. BI2536 treatment led to loss of the RZZ complex and
hSpindly kinetochore localization at metaphase, and retention of both at
kinetochores in anaphase kinetochores. DAPI stains DNA. Scale bar, 10 um.
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4.4.5 hSpindly interacts with human p50/dynamitin (hp50), a subunit of the
dynactin complex in the yeast 2-hybrid system.

hSpindly recruits the dynein/dynactin complex to the kinetochores but
there is no evidence of direct interaction between hSpindly and dynein/dynactin
subunits. I tested hp50/dynamitin, a subunit of dynactin, for interaction with
hSpindly using the Lex-A based yeast 2-hybrid assay and discovered that
hSpindly readily interacts with hp50/dynamitin. Expression of bait and prey
constructs in yeast colonies screened for blue/white color was confirmed by
western blot and is shown in Figure 4.16. Furthermore, 1 screened truncation
mutants of hSpindly for interaction with the wild type hp50/dynamitin and found
that two domains of hSpindly interact with hp50 (Figures 4.14 and 4.15).
hSpindly mutant I (151-452) lacking both the N and C terminal end but
containing the Spindly motif is able to interact with hp50 indicating that the
Spindly motif may be part of the hSpindly interaction domain for hp50, in
agreement with previous studies (Figure 4.14) (Gassmann et al., 2010).
Furthermore, the C1 hSpindly mutant containing a Spindly motif but lacking the
coiled-coil domain II, does not interact with hp50 indicating that the Spindly
motif requires the coiled-coil domain II for interaction with hp50 (Figure 4.14). In
addition, the C-terminal N8 mutant of hSpindly is sufficient for interaction with
hp50. These results indicate that two domains of hSpindly; domain comprising of
Spindly motif with coiled-coil II, and hSpindly C-terminus, might be interacting
with hp50 independent of each other. I further investigated hSpindly insertion
mutant P with an insertion following aa 603 (P603—CGRSP) for its ability to
interact with hp50. This mutant has an insertion upstream of the farnesylation
motif and does not localize to the kinetochore (Table 3.1); however, the hp50
interaction results are not conclusive since the yeast colony transfected with this

mutant did not grow very well.
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Figure 4.14: hSpindly interacts with the hp50 subunit of dynactin through
the Spindly motif and its C-terminus.
Schematic diagram of hSpindly truncation mutant library showing their ability to
interact with hp50 and kinetochore localization (+ indicates positive for
interaction with hp50 and kinetochore localization, — indicates negative for
interaction with hp50 and no kinetochore localization and +/- indicates localizes
to kinetochore only under vinblastine treatment). aa numbers are indicated.
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Figure 4.15: hSpindly interacts with hp50 subunit of dynactin complex.
Representative results of LexA yeast 2-hybrid experiment between wild type p50
(bait) and hSpindly truncation mutants (prey). Interactions between bait and prey
proteins were scored by blue (positive) and white (negative) color on X-gal
dropout plates. P is an insertion mutant with an insertion following aa 603
(P603—CGRSP). pSH17-4 expresses a lexA fusion with an activation domain that
strongly activates transcription in pSH18-34 and this combination was used as a
positive control. pPRFHM1 expresses a LexA fusion with the N-terminus of bicoid
and does not activate transcription in pSH18-34. This combination was used as a
negative control. The possibility of false positive was eliminated by checking the
interaction between bait construct with empty prey vector, and vice versa.
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Figure 4.16: Immunoblots showing correct size expression of hSpindly
mutants (prey) and p50 (bait).

LexA fused hSpindly mutant proteins were labeled with rabbit polyclonal anti-
LexA antibody followed by Alexa 680 conjugated anti-rabbit antibody. B42 fused
hp50 proteins were labeled with rabbit polyclonal anti-B42 antibody followed by
Alexa 680 conjugated anti-rabbit antibody. Molecular mass markers detected in
the same channel are shown on each blot. (Masses indicated in kD). WT- wild
type. All hSpindly mutant constructs and WT-hp50 expressed at the expected
size. (LexA fused WT-hSpindly= 95 kD, P=95 kD, Cl1= 41.7 kD, [=54.34 kD,
N1= 76 kD, N2=55.8 kD, N3=40.6 kD, N4=39.6 kD, N5=38.8 kD, N6=36.6 kD,
N7=33.5 kD, N8= 29.6 kD, lexA alone=22.35 kD, B42 alone=10.28 kD and B42
fused WT-p50=55.09 kD). L denotes molecular mass ladder.
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4.5 Discussion

hSpindly  non-phosphorylatable = mutants (S509, S513, S515,
T509A/S513A and S513A/S515A) localized to kinetochores indicating that
phosphorylation is not a requirement for hSpindly kinetochore localization
(Figure 4.3). However, inhibition of hSpindly phosphorylation promotes its
premature transport to spindle poles in prometaphase indicating that removal of a
phospho group upon MT attachment might be the catalytic step for streaming
hSpindly along the MTs via the dynein/dynactin complex and accumulation at
poles (Figure 4.3 & 4.4). 1 did not observe accumulation of hSpindly non-
phosphorylatable mutants at spindle poles in cells treated with the MT
destabilizing drug vinblastine indicating that these mutants accumulate at poles
through streaming along MTs of the mitotic spindle. Unlike hSpindly non-
phosphorylatable mutants, one would expect that phospho-mimic mutants of
hSpindly should not be removed from kinetochores since they carry a permanent
negative charge similar to a phospho group. However, I observed that double
phospho-mimics of hSpindly showed spindle pole accumulation albeit to a lesser
extent and less frequently compared to non-phosphorylatable mutants. These
hSpindly phospho-mimic mutants might be transported to the poles through
dimerization with endogenous hSpindly (Holland et al., 2015) facilitating their
transport along the MTs. To conclude, I propose that non-phosphorylatable
Spindly can be recruited to kinetochores but the stable association with the
kinetochores requires hSpindly phosphorylation.

In KRAS4B, farnesylation and the upstream polybasic region (lysine rich
region with a net positive charge of eight) cooperate for membrane binding
(Ahearn et al., 2012; Hancock et al., 1990). Furthermore, KRAS4B undergoes
phosphorylation at the serine in the polybasic region, and this facilitates its
translocation from the plasma membrane to the endomembranes, referred to as
farnesyl-electrostatic switch (Bivona et al., 2006). However, I hypothesize an
alternative to the farnesyl-electrostatic switch for hSpindly, based on our

observations, where removal of phosphorylation (upstream of CAAX motif)
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reduces its affinity for kinetochores or increases affinity for dynein and acts as a
signal for translocation from kinetochores to spindle poles along mitotic spindle
MTs (Figure 4.17). This hypothesis can be tested by performing live-cell imaging
and FRAP, comparing the dynamics of WT-hSpindly and its phospho mutants.

I discovered that hSpindly is a transient kinetochore component with a
highly increased turnover rate at metaphase as compared to prometaphase (Figure
4.9). These results show that kinetochore-MT attachment affects the hSpindly
kinetochore dynamics similar to Zw10. Rod and Zw10 are stably associated with
kinetochores at prometaphase but becomes dynamic at metaphase (Defachelles et
al., 2015; Famulski et al., 2008). GFP-Zw10 does not show turnover at
prometaphase kinetochores whereas hSpindly recovers to some extent (~30%) at
prometaphase kinetochores, suggesting that hSpindly disassembles from the RZZ
complex at prometaphase kinetochores and exchanges with its cytoplasmic pool.
However, the RZZ complex recruits hSpindly to kinetochores and it seems
unlikely that hSpindly exchanges with its cytoplasmic pool without its adaptor the
RZZ complex. The moderate EGFP-hSpindly turnover in vinblastine treated
prometaphase cells should be confirmed in untreated prometaphase cells since
saturation of EGFP signal at kinetochores due to maximal accumulation of
checkpoint proteins at kinetochores in vinblastine treated cells could lead to some
errors in signal quantification. Another explanation for the difference between
Zw10 and hSpindly prometaphase dynamics is that the initial hSpindly
kinetochore recruitment is dependent on the RZZ complex following which
hSpindly dynamics are RZZ complex independent. Based on our FRAP data, I
can conclude that hSpindly turnover significantly increases on metaphase
kinetochores and I believe that this is dependent upon its streaming along the MTs
of mitotic spindle and transfer to the spindle poles. Mps1 kinase phosphorylation
inhibition reduces Mps1’s exchange rate at prometaphase kinetochores indicating
that phosphorylation regulation plays a major role in the dynamics of checkpoint
proteins (Jelluma et al., 2010). The dynamics of hSpindly phospho mutants

remain to be investigated.
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The yeast 2-hybrid assay results show that hSpindly interacts with the
hp50 subunit of the dynactin complex. In agreement with other studies, I have not
been able to confirm hSpindly’s interaction with p50 in co-immunoprecipitation
or GST pull-down experiments (Barisic et al., 2010; Chan et al., 2009). However
a recent study showed the hSpindly immunoprecipitated the dynein/dynactin
complex (McKenney et al., 2014). The interaction between hSpindly and hp50 is
a potential mechanism for dynein/dynactin recruitment to the kinetochores
through hSpindly. Our next step is to investigate this interaction with the
proximity ligation assay using the Duolink II kit (Olink Biosciences) to confirm
this interaction in situ (Naegle et al., 2012; Zhu et al., 2012). In addition, it would
be of great interest to examine if hSpindly alone is sufficient to recruit
dynein/dynactin to the kinetochores in the absence of the RZZ complex or
whether the two co-operate with each other to recruit the dynein/dynactin

complex.
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Figure 4.17: Model of hSpindly phosphorylation regulating its kinetochore
localization pattern.

hSpindly localizes to unattached kinetochores at prophase downstream of the RZZ
complex through an interaction mediated by hSpindly farnesylation. hSpindly
further recruits dynein/dynactin complex through its interaction with the hp50
subunit of dynactin (not depicted). Once the kinetochore establishes an
attachment with MTs, hSpindly is unphosphorylated which promotes its
dissociation from the kinetochores and transport along the MTs through an
unknown mechanism.
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Chapter 5 Discussion

Portions of this chapter have been reproduced from Moudgil et al., Cell Cycle,
2015, Volume 14, Issue 14, pp 2185-2186

179



5.1 Synopsis

The mitotic checkpoint, conserved from yeast to humans, delays the onset
of anaphase until all chromosomes are aligned at the metaphase plate ensuring
equal chromosome segregation. The RZZ complex, an essential mitotic
checkpoint component present only in higher eukaryotes regulates checkpoint
activation and silencing. Checkpoint activation occurs by RZZ mediated Madl-
Mad2 kinetochore recruitment (through an unknown mechanism) whereas
checkpoint silencing is by dynein/dynactin kinetochore recruitment through
Spindly (Figure 5.1). Human Spindly recruits dynein to kinetochores facilitating
dynein binding to dynactin, a regulatory factor of dynein (Chan et al., 2009;
McKenney et al.,, 2014). Exactly how hSpindly is recruited to kinetochores
remains unknown.

I undertook a structure-function study of hSpindly. The work presented in
this thesis defines the kinetochore localization domain of Spindly, thereby
establishing a novel role for protein lipidation, specifically farnesylation, in
regulating human kinetochore protein assembly and checkpoint signaling. I have
demonstrated that hSpindly is farnesylated in vivo and that this lipid modification
is required for its interaction with the RZZ complex (Figure 3.23). To date,
farnesylation has only been reported to modulate protein-protein interaction
strength but here I present for the first time that farnesylation is essential for the
interaction of hSpindly with the RZZ complex and its subsequent kinetochore
localization. Furthermore, I concluded that the mitotic effects of FTIs are
essentially due to the loss of hSpindly function. In the second half of this thesis, I
have shown that the hSpindly kinetochore residency pattern varies between
prometaphase and metaphase and is perhaps regulated by phosphorylation (Figure
4.17). 1 also showed that hSpindly interacts with the p50 subunit of dynactin. In
the next sections, I will discuss the results and their implications in a broader

perspective along with speculations on future directions.
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Figure 5.1: Farnesylation targets hSpindly to kinetochores and hSpindly
regulates the checkpoint silencing pathways.

The RZZ complex recruits hSpindly to kinetochores and this interaction is
regulated by hSpindly farnesylation. Mad1-Mad2 kinetochore localization is also
dependent on the RZZ complex through an unknown mechanism (indicated by
dotted line). hSpindly acts as an adapter for the dynein/dynactin complex and
recruits it to the kinetochores. Inhibition of farnesylation prevents RZZ/hSpindly
interaction, and the kinetochore localization of hSpindly and the dynein/dynactin
complex leading to prometaphase delay. The checkpoint is silenced by a dynein
independent mechanism in the absence of hSpindly kinetochore localization.
Spindly box point mutants localize to kinetochores but do not recruit
dynein/dynactin and the checkpoint is not silenced. (Moudgil and Chan, 2015)
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5.2 hSpindly Kinetochore Localization

The kinetochore recruitment of hSpindly relies on RZZ complex
kinetochore localization (Chan et al., 2009). Using a hSpindly mutant library
(truncations, random insertions, deletions and substitutions), I have determined
that 294-605 aa of hSpindly are required and sufficient for kinetochore
localization. Mutations of the phosphorylation sites within the kinetochore
localization domain do not affect its kinetochore localization ability (chapter 4)
indicating that hSpindly phosphorylation is not required for its kinetochore
localization. Interestingly, I found hSpindly mutants (N4, O, del592-596aa, and
Q601A) localized to kinetochores only in cells treated with vinblastine, indicating
that when these residues are mutated, hSpindly has low kinetochore binding
affinity (Moudgil et al., 2015). These mutants are of particular interest since they
show that hSpindly kinetochore binding is more like a graded phenomenon rather
than a simple on/off mechanism. Multiple residues contribute to efficient binding
and these specific mutants have the capability to bind kinetochores only under
stringent conditions (vinblastine treatment). There are a few explanations for the
kinetochore localization of these mutants. The simplest idea is that these residues
may be required for the proper folding of the protein and somehow modulate
hSpindly/RZZ complex interaction. Considering that membrane proteins
undergoing farnesylation also require certain specific residues upstream of the
CAAX motif for efficient membrane binding, the C-terminal hSpindly mutants
with mutations upstream of the CAAX motif might be modulating its kinetochore
binding affinity (Ahearn et al., 2012; Apolloni et al., 2000; Choy et al., 1999;
Hancock et al., 1990). One cannot rule out the possibility that these mutants are
readily transported to spindle poles from kinetochores resulting in no
accumulation at kinetochores in untreated prometaphase cells. Future live-cell
imaging studies of cells transfected with these mutants will distinguish between
these possibilities and help us understand the contribution of these residues in

kinetochore binding affinity.
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5.3 hSpindly and the RZZ Complex Connections

Deletions in residues 596-605, or substitution of the C-terminal cysteine
were not tolerated indicating their importance in hSpindly kinetochore
localization, with the C-terminal cysteine being essential (Barisic et al., 2010;
Moudgil et al., 2015). These hSpindly C-terminal residues contain a CAAX
farnesylation motif that is conserved in vertebrates but not in worms and insects
(Holland et al., 2015; Moudgil et al., 2015). Farnesyl transferase inhibitor (FTI)
treatment prevents hSpindly kinetochore localization but not RZZ complex
formation and kinetochore localization, and two previously known farnesylated
mitotic proteins CENP-E and CENP-F localize to kinetochores (Moudgil et al.,
2015). Holland et al. observed the same results in HeLLa and DLD-1 cells (with
loss of kinetochore dynein as expected) in a parallel study, although they reported
CENP-E and CENP-F kinetochore levels were affected albeit to a lesser extent
than hSpindly (Holland et al., 2015). The observed differences in the two studies
pertaining to CENP-E and CENP-F kinetochore levels can be attributed to 48 h
FTI treatment compared to 24 h in our study and these effects were more
prominent in DLD-1 cells compared to HeLa. In addition, I showed that the
CENP-F cysteine to alanine mutant (of the farnesylation motif) localized to
kinetochores suggesting that CENP-F farnesylation is not essential for its
kinetochore localization (Moudgil et al., 2015). I showed that hSpindly undergoes
farnesylation in vivo and farnesylation is a pre-requisite for its interaction with the
RZZ complex since hSpindly C602A mutant did not pull down RZZ complex
subunits. Since Drosophila and C. elegans lack the farnesylation motif, the
Spindly/RZZ interaction must be regulated by an unknown mechanism. It must be
noted that both Drosophila and C. elegans Spindly contain a non-conventional
CAAX motif in the middle of the protein and farnesylation is only reported to
occur at the C-terminal cysteine residues. Drosphila Spindly is 782 aa with
CVQQ (374:377 aa) and C. elegans Spindly is 480 aa with CQKY (124:127 aa).
Whether these proteins are farnesylated on these motifs is not known or these

motifs have lost their ability to undergo farnesylation during evolution is not
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clear. Next, the focus should be on identifying the RZZ subunit that directly
interacts with hSpindly and the domains of the proteins involved in the
interaction.

Swapping Spindly’s farnesylation motif with the CENP-E or CENP-F
farnesylation motif did not affect its ability to undergo farnesylation and
kinetochore localization. Since substitution with a geranylgeranylation motif did
not target hSpindly to kinetochores, I concluded that hSpindly specifically
requires farnesylation for kinetochore localization. I proposed that farnesylation
induces a conformational change in hSpindly, which promotes its association with
the RZZ complex. This possibility remains hypothetical and we shall also
consider that the farnesyl group on hSpindly directly interacts with the RZZ
complex. This idea is supported by the observation that RZZ/hSpindly interaction
is inhibited by high salt and low amounts of detergent in the lysis buffer
suggesting that ionic interactions are holding the two proteins together. We do not
know whether RZZ/hSpindly interaction occurs in the cytosol or at kinetochores,
which mandates further investigation. I showed that residues upstream of the
hSpindly farnesylation motif are important for kinetochore binding affinity, which
is analogous to membrane binding in RAS proteins. KRAS4B undergoes serine
phosphorylation in the polybasic region upstream of the farnesylation site that
facilitates its translocation from the plasma membrane to the endomembranes
referred to as farnesyl-electrostatic switch (Bivona et al., 2006). In the case of
hSpindly the hydrophobicity, charge and perhaps phosphorylation of CAAX
upstream residues may contribute to kinetochore binding affinity. I observed that
hSpindly non-phosphorylatable mutants showed premature transport to spindle
poles indicating phosphorylation delays/inhibits hSpindly transport to poles
(Chapter 4). Whether hSpindly undergoes a farnesyl-electrostatic switch to
promote its release from kinetochores upon bi-orientation of chromosomes
remains to be investigated.

Another important unknown is whether farnesylation of hSpindly is just

targeting it to kinetochores or is involved in mitotic checkpoint signaling as well.
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This is challenging to test since the non-farnesylated form of hSpindly does not
localize to kinetochores. Carboxy-methylation on the farnesylated cysteine
residue was shown to be important for RAS membrane localization as well as for
RAS dependent ERK pathway activation (Chiu et al., 2004). The role of carboxy-
methylation (following the attachment of farnesyl group on cysteine) in hSpindly
kinetochore localization and signaling remains to be investigated.

Previous studies suggested that there is cross talk between hSpindly and
the RZZ complex and that hSpindly stabilizes kinetochore-MT interactions by
regulating the KMN complex MT-binding function through the RZZ complex
(Barisic and Geley, 2011; Barisic et al., 2010; Gassmann et al., 2008; Gassmann
et al.,, 2010). The hSpindly box point mutants that are unable to recruit the
dynein/dynactin complex to kinetochores ameliorate kinetochore-MT attachment
defects seen in hSpindly knockdown cells (Gassmann et al., 2010). In addition,
co-depletion of the RZZ complex with hSpindly eliminated the kinetochore-MT
defects seen in cells lacking hSpindly (Barisic et al., 2010). These studies suggest
that the RZZ complex is negatively regulating kinetochore-MT attachment in the
absence of hSpindly. Furthermore, Holland et al. reported that FTI treatment led
to decreased kinetochore levels of the Zwilch subunit of the RZZ complex
(Holland et al., 2015). However this study do not address if the decrease is due to
loss of hSpindly kinetochore localization or an indirect effect of FTI treatment.
Nonetheless, there is sufficient evidence to suggest that hSpindly affects the
functions of the RZZ complex. Thus, hSpindly is not just a dynein/dynactin
recruitment factor at kinetochores but also appears to contribute to checkpoint
signaling through its kinetochore-MT attachment function. At present, it is
unknown how Spindly regulates the RZZ complex function at the molecular level

and this warrants further investigation.

5.3 hSpindly Kinetochore Residency Patterns
The RZZ complex subunits, Zw10 and Rod are dynamic at kinetochores
(Defachelles et al., 2015; Famulski et al., 2008). Our lab showed that human

Zw10 shows high turnover at metaphase kinetochores and is stable at
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prometaphase kinetochores (Famulski et al., 2008). Since hSpindly interacts with
the RZZ complex, I hypothesized that hSpindly kinetochore dynamics would be
similar to that of hZw10. Strikingly, I discovered that hSpindly has a moderate
exchange rate at prometaphase kinetochores with no kinetochore-MT attachments
(treated with vinblastine) and only recovered to ~30% (Chapter 4). Similar to
Zwl10, hSpindly exchange rate was significantly increased at metaphase
kinetochores with a t12 of 0.98 seconds.

The underlying mechanism of regulation of hSpindly kinetochore
dynamics is not clear but based on our hSpindly phospho mutants, I propose that
dephosphorylation of hSpindly triggers its release from kinetochores. Since
hSpindly is suggested to act as an adaptor between dynein and its cargo proteins, I
propose that hSpindly release from kinetochores must be regulated to prevent
premature transport of checkpoint proteins to kinetochores leading to premature
checkpoint silencing. Specifically, I envision a scenario where establishment of
bi-polar attachments results in removal of hSpindly phosphorylation and the
unphosphorylated form of hSpindly is released rapidly from the kinetochores
along with other checkpoint proteins. This can be achieved in two different ways:
first, phosphorylation of hSpindly might be merely required for strong
kinetochore binding affinity due to its charge properties and second, removal of
hSpindly phosphorylation may induce a conformational change promoting its
interaction with the dynein/dynactin complex and transport to spindle poles. Live-
cell imaging and FRAP studies of hSpindly phospho mutants will shed more light
on the mechanism of hSpindly kinetochore turnover.

It also appears that premature transport of hSpindly mutants affects its
release from spindle poles since 1 observed that the hSpindly non-
phosphorylatable mutants were present at spindle poles in some anaphase cells
(Chapter 4). I predict that the premature fast turnover of hSpindly phospho
mutants at prometaphase may override the rate of its dissociation from spindle
poles. The RZZ complex present at spindle poles has been shown to remain active

in terms of checkpoint signaling (Famulski et al., 2011). Similarly, I speculate that
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the presence of hSpindly at spindle poles in anaphase cells might prevent the
dissociation of some other checkpoint proteins as well. Future work to study the
effects of persistent hSpindly presence at spindle poles during anaphase could

address this possibility.

5.4 Role of hSpindly in Checkpoint Silencing

hSpindly recruits the dynein/dynactin complex to kinetochores (Chan et
al., 2009) and has been shown to act as an adapter protein between dynein and
dynactin (McKenney et al., 2014). The physical association of dynein with its co-
activator dynactin through Spindly promotes its motility along MTs. Therefore,
one would predict that Spindly directly interacts with both dynein and dynactin.
Indeed, using yeast 2-hybrid I was able to show that hSpindly interacts directly
with the p50 subunit of dynactin. In a recent study, recombinant Spindly
immunoprecipitated dynein and dynactin from pig brain lysates and RPEI cell
lysates (McKenney et al., 2014). Our results suggest that hSpindly interacts with
hp50 through two independent domains, one of which is different from its
kinetochore localization domain. I reveal hp50/dynamitin as a novel interaction
partner of hSpindly although this interaction needs to be confirmed in a
biochemical assay.

Cells rely on dynein-mediated transport of checkpoint proteins to spindle
poles for checkpoint silencing. In hSpindly-depleted cells, dynein/dynactin does
not localize to kinetochores, but checkpoint silences through an unknown
mechanisms, perhaps involving phosphatases or p31°°™' (Habu et al., 2002;
Hagan et al., 2011). Preventing hSpindly kinetochore dissociation at metaphase
prevents checkpoint inactivation as seen with Spindly box mutants. Linking these
two observations, I propose that hSpindly acts as a guard that allows removal of
checkpoint proteins only through dynein/dynactin. Alternative checkpoint
silencing pathways can participate only when hSpindly is removed from
kinetochores. How does hSpindly kinetochore localization restrict the activation
of dynein-independent checkpoint activation is not clear. Checkpoint proteins are

removed only from bi-oriented chromosomes in hSpindly knockdown cells. How
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the dynein independent checkpoint silencing pathway is activated in a timely
manner in hSpindly-depleted cells is poorly understood. This model infers that
hSpindly kinetochore localization regulates both dynein checkpoint silencing as
well as dynein independent checkpoint silencing. Since hSpindly plays such a
crucial role in checkpoint silencing, in future it will be important to understand

hSpindly checkpoint signaling in depth.

5.5 hSpindly Cytoplasmic Function

Live-cell imaging studies comparing the mitotic phenotype of hSpindly
knockdown and FTI-treated cells concluded that the mitotic effects of FTIs are
essentially due to the loss of hSpindly function although CENP-E and CENP-F
may also contribute to some extent (Holland et al., 2015; Moudgil et al., 2015).
Our results showed that the prolonged duration of mitosis is more pronounced in
hSpindly knockdown cells compared to FTI-treated cells (with no hSpindly
kinetochore localization). For most checkpoint proteins including hSpindly,
checkpoint signaling ability is contingent upon their kinetochore localization.
However, our data show that the presence of cytoplasmic hSpindly in FTI-treated
cells leads to faster checkpoint silencing compared to loss of hSpindly protein in
hSpindly knockdown cells. This idea is further supported by the Holland et al.
study, where they showed that the mitotic duration of 79 min in hSpindly-
depleted cells was decreased to 64 min when rescued with hSpindly C602A
mutant (unable to undergo farnesylation). Combining these two observations,
cytoplasmic hSpindly appears to contribute to checkpoint silencing through an
unknown mechanism. Since C602A and cytosolic hSpindly in FTI-treated cells is
not farnesylated, I propose that the cytosolic function of hSpindly is not
dependent on its farnesylation. Consistent with our hypothesis of cytosolic
function of hSpindly, a few studies have previously reported cytosolic functions
of BubR1 and Mps1, independent of their kinetochore localization. A BubR 1 non-
kinetochore-localizing mutant retains its mitotic function of cdc20 inhibition
(Malureanu et al., 2009). Cytosolic Mpsl was shown to be required for cdc20

inhibition during interphase (Maciejowski et al., 2010). In agreement with these
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studies, a later study showed that nuclear pore bound Mad-1-Mad-2 can generate
MCC in interphase cells and inhibit APC/C**?® in the cytoplasm (Rodriguez-
Bravo et al., 2014). Further investigation is needed to determine whether

cytoplasmic hSpindly plays a role in checkpoint silencing.

5.6 Farnesylation and mitotic checkpoint inhibition through Spindly for
cancer treatment

FTIs were enthusiastically developed to prevent Ras protein family
activation as Ras is mutated in 30% of all human cancers. K-Ras and N-Ras
mutations are more prevalent in cancer as compared to H-Ras, and both K-Ras
and N-Ras are geranyl-geranylated in the presence of FTIs to retain their
biological function. Surprisingly, FTIs showed significant anti-tumor activity in a
large subset of cell lines without Ras mutations in pre-clinical in vitro studies
(End et al., 2001; Sepp-Lorenzino et al., 1995). FTIs also variably modulated cell
cycle in human tumor cell lines inducing either G2-M arrest in most of the cell
lines or G1 arrest in cell lines with activated H-Ras (Ashar et al., 2001). FTIs
were effective against both sets of cell lines in the latter study indicating FTIs can
prevent tumor progression by targeting two different biological pathways.
Furthermore, Crespo et al. have shown that FTI-2153 delays prometaphase to
metaphase transition during mitosis by inhibiting the formation of bipolar spindle
(Crespo et al., 2001). FTIs have shown anti-tumor activity in transgenic mouse
models with spontaneous tumor occurrence (Liu et al., 1998; Mangues et al.,
1998; Omer et al., 2000) as well as in mice with chemically induced lung tumors
(Gunning et al., 2003; Lantry et al., 2000). FTIs induced tumor regression in in
vivo xenograft tumor mouse models with or without Ras mutations (End et al.,
2001; Liu et al., 1998; Rose et al., 2001). Regardless of the evidence
demonstrating Ras independent effectiveness of FTIs, most studies considered
Ras as a main FTI target for evaluating FTIs as anti-cancer drugs. In spite of
significant success in preclinical studies, FTIs showed effectiveness in
hematological malignancies in phase II (Cortes et al., 2005) but not in phase III
trails (Hamilton et al., 2010), malignant glioma (Cloughesy et al., 2006) and in
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breast cancer (Johnston and Kelland, 2001). FTI phase III studies reported
negative results but these studies were conducted in advanced or relapsed tumors.
These negative results led to the ultimate demise of FTIs as anti-cancer drugs. It is
not clear why FTIs failed in clinical trials despite of impressive preclinical results.
FTIs inhibited tumor progression in certain specific types of cancers but their
molecular targets remained unknown. We still lack a biological understanding of
FTI mechanism of action in responsive versus non-responsive tumors.

Here we show that hSpindly, a kinetochore protein with mitotic
checkpoint function, requires farnesylation to become functionally active.
Knockdown of hSpindly has been shown to cause chromosome missegregation
and delayed mitosis with prolonged prometaphase and metaphase (Chan et al.,
2009; Gassmann et al., 2010; Moudgil et al., 2015). Chromosome missegregation
often leads to aneuploidy, which is a hallmark of most solid tumors. The mitotic
checkpoint has been an attractive target for many successful clinical
chemotherapy agents such as taxanes (microtubule-destabilizing agents) and the
vinca alkaloids (microtubule-destabilizing agents). These drugs induce mitotic-
checkpoint dependent arrest, which leads to cell death. These anti-mitotic drugs
are effective against a wide variety of cancers but also cause side effects affecting
vesicular trafficking, axonal transport and maintenance of cytoskeleton functions
(Schmidt and Bastians, 2007). These side effects can be eliminated with the
development of novel drugs that inhibit the progression of mitosis but do not
affect microtubules in non-dividing cells. FTIs targeting hSpindly function
represent an important novel avenue. Since previous FTI led clinical studies have
demonstrated negative results, it will be important to analyze if hSpindly can be
used as a prognostic marker for the selection of patients receiving FTI treatment.
Interestingly, FTIs have been shown to sensitize tumor cells to paclitaxel-induced
mitotic arrest (Moasser et al., 1998; Shi et al., 2000), and work synergistically
with epothilones (MT destabilizing drug) (Sepp-Lorenzino et al., 1999) and
cisplatin (Adjei et al., 2001). Furthermore, FTI SCH66336 in combination with

paclitaxel demonstrated partial response in taxane resistant patients (Mazieres et
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al., 2004). Scientists in the past have attributed the failure of FTIs to poor patient
selection criteria and to an unidentified farnesylation target (Ochocki and
Distefano, 2013; Palsuledesai and Distefano, 2015). These FTI trials ignored the
observation that K-RAS (the most frequently mutated Ras in cancer patients) and
N-RAS proteins can become substrates for geranylgeranyl transferase and
generate geranylgeranylated forms that retain biological function. This raises the
question whether hSpindly is a potential biomarker especially in FTI sensitive
cancer cell lines in which FTIs induced cell death by G2-M arrest (Ashar et al.,
2001). Therefore, we propose that expression of hSpindly shall be examined in
various cancers and furthermore investigate if hSpindly can be used as a
prognostic marker in future for FTI treatment. FTIs have shown therapeutic
potential in Progeria patients, and are being explored for malaria, African sleeping
sickness and hepatitis diseases {reviewed in (Ochocki and Distefano, 2013)}.
However the effect of FTIs on hSpindly function in mitosis, and hence in the
maintenance of genomic integrity should not be ignored.

In spite of vast advances in the field of kinetochore assembly mechanism
and mitotic checkpoint signaling, we still strive for answers to many questions.
Based on our and other groups’ studies, hSpindly likely plays multiple roles in
checkpoint signaling rather than just recruiting the dynein/dynactin complex as
originally proposed. My work supports an important novel role of farnesylation in
kinetochore assembly and reinforces the role of phosphorylation in the regulation

of checkpoint signaling.
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Appendix

Presented within this Appendix are results of a follow up of a study initiated by a
former graduate student ‘Dr. Larissa Joy Vos’ and has been published in her
thesis under ‘hZwint-1, but not hZwl0, is overexpressed and both have altered
kinetochore localization in a subset of breast cancer cell lines’. These results are
not a part of any of the preceding results chapters contained within this thesis.

D.K. Moudgil performed all the experiments for the figures shown in this chapter

with the exception of lentivirus transduction procedure, which was performed by
Dr. Dawn MacDonald.
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A study reported higher expression of hZwint-1 protein in a subset of
pulmonary adenocarcinomas and correlated it with poor prognosis. Our lab
discovered ~1.5-2 times higher levels of hZwint-1 protein expression in breast
cancer cell lines in comparison to a non-tumorigenic breast cell line (MCF10A)
and HeLa (unpublished results). Furthermore, Zwint-1 displayed an aberrant
kinetochore localization pattern in MCF10A and breast cancer cell lines as it
remained at the kinetochore in telophase, while no Zwint-1 kinetochore
localization is observed in HeLa cells at telophase. A former graduate student in
our laboratory examined Zw10 kinetochore localization in a subset of breast
cancer cell lines and reported it has reduced or no kinetochore localization in a
subset of breast cancer cell lines even though it expressed at similar levels in all
the breast cancer cell lines. Zw10 kinetochore localization is normal in HelLa,
MCFI10A, MCF7 and ZR-75-1 cell lines. It has reduced kinetochore localization
in BT-20, BT-549, SK-BR-3 and MDA-MB-175-VII cell lines and is almost
absent from prometaphase kinetochores in MDA-MB-231, MDA-MB-435s,
HCC1937 and T-47D. However, Zw10 robustly localized to kinetochores in all
the breast cancer cells treated with vinblastine, a MT destabilizing drug.

Since hSpindly kinetochore localization is dependent on the RZZ
complex, I examined the kinetochore localization pattern of hSpindly in a panel of
breast cancer cell lines previously used for the study. I observed hSpindly
prometaphase kinetochore localization is normal in HeLa, MCF10A, and MCF7
cell lines (Figure A.1). It has reduced kinetochore localization in MDA-MB-231
and BT-20 cell lines and is almost absent from prometaphase kinetochores in,
MDA-MB-435s, BT-549 and T-47D (Figure A.l). Similar to Zw10, hSpindly
robustly localized to kinetochores in cells treated with vinblastine (Figure A.2). 1
compared hSpindly protein expression levels and found no correlation with its
kinetochore localization pattern (Figure A.3). To determine if the reduced Zw10
kinetochore localization is due to Zw10 mutation/misregulation or lies upstream
of Zw10, we infected breast cancer cell lines displaying reduced or null Zw10

kinetochore localization (MDA-MB-231 and T47D) with lentivirus containing
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wild type GFP-Zw10. While Zw10 kinetochore localization was rescued in MDA-
MB-231 cells, it showed heterogeneous population of T47D cells with both GFP-
Zw10 positive and negative kinetochore localization. Therefore, I speculate that
multiple checkpoint components might be misregulated in the breast cancer cell

lines leading to a weakened mitotic checkpoint activity.
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Figure A.1: hSpindly has reduced Kkinetochore occupancy in a subset of
breast cancer cell lines similar to Zw10.

hSpindly prometaphase kinetochore localization is normal in HeLa, MCF10A,

and MCF7 cell lines. It has reduced kinetochore localization in MDA-MB-231

and BT-20 cell lines and is almost absent from prometaphase kinetochores in,
MDA-MB-435s, BT-549 and T-47D. Cells were labeled with rat anti-hSpindly
and ACA antibodies and chromosomes stained with DAPI. Scale bar = 10 um.
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Figure A.2: hSpindly robustly localizes to Kkinetochores devoid of MT
attachments.

Cells were treated with 0.5 10 uM vinblastine before fixation. hSpindly strongly
localized to kinetochores in all the cell lines including breast cancer cell lines that
showed reduced or no hSpindly kinetochore localization under normal mitotic
conditions (MDA-MB-231, BT-20, MDA-MB-435s, BT-549 and T-47D). Cells
were labeled with rat anti-hSpindly and ACA antibodies and chromosomes
stained with DAPI. Scale bar = 10 um.
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Figure A.3: hSpindly protein expression is variable in breast cancer cell lines
and does not correlate with their localization pattern.

Breast cancer cell lines and non-tumorigenic MCF10A cell lines have less
hSpindly protein expression compared to HelLa. The intensity of hSpindly and
tubulin were determined and background corrected with Odyssey software and the
intensity of hSpindly was normalized to tubulin intensity and plotted with Excel.
The relative intensity for MCF10A was set at 1. n=3
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Figure A.4: WT-GFP-Zw10 expressing cells rescue normal Zw10 kinetochore
localization in MDA-MB-231 cells.

MDA-MB-231 cells were infected with lentivirus containing WT-GFP-Zw10 and
normal Zw10 kinetochore localization was observed. Chromosomes stained with
DAPL. Scale bar = 10 pm.
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Figure A.5: WT-GFP-Zw10 expressing T47-D cells display a heterogeneous
population with normal as well as absence of Kinetochore localization of
GFP-Zw10.

T47D cells were infected with lentivirus containing WT-GFP-Zw10 exhibited
normal and no GFP-Zw10 kinetochore localization. Chromosomes stained with
DAPI. Scale bar = 10 pum.
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