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Résumeé

Les microtubules, composants clés du cytosquelette des cellules eucaryotes, sont des
polyméres de tubuline tres dynamiques et impliqués dans une grande variété de processus
cellulaires. Leur réle essentiel dans le cycle cellulaire a fait d’eux une cible validée en thérapie
anticancéreuse. Malgré I'efficacité clinique des agents ciblant les microtubules (ACM), les effets
secondaires compliquent l'utilisation. Nous avons cherché a identifier des vulnérabilités
génétiques qui peuvent étre exploitées pour diminuer la dose requise tout en maintenant
I'efficacité, et donc réduire les effets secondaires. En collaboration avec le laboratoire Tyers a
I'IRIC, nous avons réalisé un criblage génétique basé sur la |étalité synthétique avec des agents
antiprolifératifs, dont les ACMs. Nous avons sélectionné les genes dont I’extinction sensibilisait
les cellules aux ACMs. Jai confirmé que l'invalidation de chacun des génes GNA13, SEPHSI,
DLGAPS et des genes QRICH1, DLGAPS sensibilisaient les cellules NALM6 au docétaxel et la
vincristine respectivement. En revanche, aucune invalidation de ces genes n'a augmenté la
sensibilité au docétaxel dans les cellules U20S.

En plus de son effet avec le docétaxel, le géne GNA13 s’est distingué étre une cible
particulierement intéressante. En effet, la perte complete de GNA13 augmente
considérablement la fréquence et la gravité d’erreurs de ségrégation des chromosomes dans les
cellules U20S. Cette augmentation n’a pas été rectifiée a la suite d’un traitement avec la
molécule UMK57, connue pour réduire le taux d’erreurs de ségrégation des chromosomes. De
maniére intéressante, la perte compléte de GNA13 augmente également la fréquence des
erreurs de ségrégation des chromosomes dans les cellules RPE1, cellules non-cancéreuses et
stables au niveau chromosomique. Cela suggere que la perte compléte de GNA13 ne nécessite
pas de transformation ni d'instabilité chromosomique, comme conditions préalables pour
exacerber l'instabilité chromosomique.

L'ensemble de ces résultats ouvre une nouvelle voie de stratégies thérapeutiques
anticancéreuses, a savoir, le traitement des cancers présentant une mutation des genes QRICH1,
DLGAP5, GNA13, et SEPHS1 avec de faibles doses d’ACMs. En particulier, GNA13 est
fréguemment muté dans certains lymphomes. De plus, les résultats obtenus démontrent que la

perte compléte de GNA13 aggrave l'instabilité chromosomique et par conséquent, pourrait étre



impliquée dans la cancérogenese.

Mots clés: microtubules, cancer, instabilité chromosomique, mitose, létalité synthétique,

docétaxel, vincristine, GNA13, QRICH1, DLGAP5, SEPHS1



Abstract

Microtubules, key components of the eukaryotic cytoskeleton, are highly dynamic
polymers of tubulin implicated in a wide variety of cellular processes. Their essential roles in the
cell cycle have made them a valid target in cancer therapy. Despite the clinical efficacy of
microtubule targeting agents (MTA), their use is hampered by side effects. We sought to identify
genetic vulnerabilities that can be exploited to decrease the required dose while maintaining
efficacy, and therefore reduce side effects. In collaboration with the Tyers laboratory at IRIC, we
carried out a genetic screen based on synthetic lethality with antiproliferative agents, including
MTAs. We have selected genes whose knockout sensitized cells to MTAs. | have confirmed that
the knockout of GNA13, SEPHS1, DLGAP5, and QRICH1, DLGAPS5, sensitize NALM6 cells to
docetaxel and vincristine respectively. However, no knockout of these genes increased the
sensitivity to docetaxel in U20S cells.

In addition to its effect with docetaxel, GNA13 stood out as being a particularly exciting
target. GNA13 knockout increased the frequency and severity of chromosome segregation errors
in U20S cells. This increase was not corrected following treatment with UMK57, a molecule
known to reduce the rate of chromosome segregation errors. Interestingly, the GNA13 knockout
also increased the frequency of chromosome segregation errors in non-cancerous and
chromosomally stable RPE1 cells. This suggests that GNA13 does not require transformation nor
chromosomal instability as prerequisites for exacerbating chromosomal instability.

Overall, these results open up a new avenue of anticancer therapeutic strategies, namely,
the treatment of cancers presenting mutations in QRICH1, DLGAP5, GNA13, and SEPHS1 with
lower doses of MTAs. In particular, GNA13 is frequently mutated in certain lymphomas. In
addition, the results obtained demonstrate that GNA13 knockout exacerbates chromosomal

instability and, therefore, could be involved in carcinogenesis.

Key words: microtubules, cancer, chromosomal instability, mitosis, synthetic lethality, docetaxel,

vincristine, GNA13, QRICH1, DLGAPS, SEPHS1



Table of Contents

RESUME........ceeiieecirccireecrteeereneereanesennsereasesrnssesenssssensesensssesenssssnnsesenssssensasennsesenssenen iii
LY ¢ 13 1 - T RPN v
Abbreviation List .......cccciieiiieiiiiiiiiiiiiteirreerereneereneeereanesenssenensesrnnserenssssenssennsesennnns ix
LIS 1«1 L= L RN xii
T <N T Ut xiii
P30 (4 Lo 3NV [T F=d=T 0 41T o N O Xiv
Chapter 1: INtrodUCtion .....c..civeiireeiiiiniiieeeereeeereneeereaneereasesensessensessnssesensesssnsessnnnesennes 1
1.1 MITOSIS (OVEIVIEW) . .eeuuiieeririenireenietenireeneeeenserensserenssersnsessssssssssesenssessnssssnssennns 1
L1 1 IMICIOTUDUIES ...t e e e e e e arrareee e 3
1.1.2 Microtubules of the mitotic spindle...............ccceeiiiiiiiiiiii e, 5
1.1.2.1 K-fibre formation ..............ccccoviiiieiiiie e 6

1.1.3 Chromosomal instability and aneuploidy ..............ccccceiiriiiiiiiniiee e, 9
1.1.3.1 Spindle assembly checkpoint defects ..............ccccceiiiieiiiiiiee e, 11

1.1.3.2 Lagging ChromMOSOMIES.............coovcuiriiiieieee et eee et e e e e e e e e eannaes 12
1.1.3.3 Cohesion defects............ooriieiiiiiccee e 13
1.1.3.4 Clinical relevance of CIN & aneuploidy .............ccccceeevveiiiiieeeeeeee e, 15

1.2 Microtubule targeting agents .......cccccciiimiiiiiiiiiiiiiciirercrre e re s e sea s nens 17
1.2.1 Vinca alkaloid binding Site............cccvvveeieiiiiiee e 19
1.2.2 Colchicine binding Site ...........cooooiiiiiii e 20
1.2.3 Taxane binding Site ...........cccooviiiieiee e 22
1.2.4 Mechanism of action of microtubule targeting agents in vivo .................... 23
1.2.5 Side effects of microtubule targeting agents..............ccccovviiieiiniiiieiiniiieenn, 24

1.3 Synthetic Iethality....ccccceeeiiieiiiieiiiiierteererereeeereeeeereaeeeeneseenserenseesensessansesens 26
1.3.1 High throughput SCreening .............cccoeeiviiiiiiiniiiie e 28
1.3.2 CRISPR/CAST .....oooteieieetie ettt ettt et ere e saa e s teestaeeebeestaeebaesaseenbeesnseensaeas 29

Vi



1.3.3 Genome-wide chemogenomic SCreen ...........ccccvveeeeeiiieccciiiieeeee e 30

1.3.4 Selected targets.........ccooviiiiiiiiiiie e e 31
1.3.4.1QRICHL.... ... e et e e e e e e e e e e e atae e e eannaaeeas 31
0 B ]| ¥ K R 31
e 0 T = o o 3 SRS 32
i 05 0 R 17 Y o o1 J SRS 33
T e T 0] K Y TP 34

Rational & RYPOLRESIS ....cccuieeiiieiiieiirirrc e recreeirreerenerenerenrenssensseasernsernserasesansnnnns 35
(0] ¢ 1T ot €177 =T- 3PN 35
Chapter 2 - Methods & materials.......cccciiieiiiiieiiiiciiiiiiir e seasenen 36
00 oL Nt 36
2.2 Lentivirus production and transduction.........ccccciveiiiiiiiiiiniiiininicninennnnenenenen. 36
2.3 Preparation of cell lysates and immunoblots ........ccccceeeeerreiireniireeecereeereeenenenne. 37
2.4 Viability @SSayS....ciieuiiiniiiiniiiieniiiiniiiiiiiinierinieienisisnesinisisssersnssessnsssssnssssnnns 38
2.5 Confocal time-lapse MICrOSCOPY ..cceurreererreerereeneerenneerennerraseerenserensserensessensesennes 38
2.6 Cell fixation and confocal MICroOSCOPY .ccuerveerereenirreenerrencrrencerennerenseerenseseennesennes 39
Chapter 3 — ReSUIES.....ccuiiiiiiiiiciiiiitccrec e re e reese s s ne e sensssenasesenesssenssssensanens 40
3.1 Validation of synthetic lethal hits in NALMG6 Cells .........cccccceirreneiiiirinnniiiinnnnninnns 40
3.2 Validation of synthetic lethal hits in U20S Cells.......cccccorimiiriiirinnirenciieencnenan. 45
3.3 Validation of GNA13 Knockout in NALM6 and U20S Cells ......cccccovrvenniiiinennnnnnns 48

3.4 GNA13 knockout increases anaphase chromosome segregation error rate in

L0 0 L o= | L3N 49

3.5 UMK57 does not reduce chromosome segregation error rates in GNA13

KNOCKOUT U208 CEIIS .euururrerrenreeireirereereeiresresseeseesrassssseestssssssssssssssssessasssssssssssssssesssnssassanese 53

Vii



3.6 GNA13 knockout increases anaphase chromosome segregation error rate in

2o 30 o ]| 55
Chapter 4 — DiSCUSSION....ccieuiieeireeireeitrerrenerenermsereseresseesserssesnserassrassrasssasssensssnssensesnne 59

4.1 Validation of synthetic lethal hits in NALM6 and U20S Cells........ccccccerrennnennnneee 59

4.2 GNA13 and germinal center lymphomas.......ccccieeeiiiiniiiiniiiinnininncieee. 62

4.3 GNA13 knockout impedes proliferation in a cell context dependant manner ... 64

4.4 GNA13 knockout increases anaphase chromosome segregation error rate in

U20S and RPEL CellS ....covrreemeeniiiiiiiiiiiiiiiiiiiiinicirrenissnss s e ssssssss s s s e s e e nsanns 66
4.5 Oncogenic potential of GNA13 KNockout .........cceeuiieeiiieniireencirennereencerenneeennnens 69

= 1 T Y o T o Ut 72
REFEIENCES ...cuueeeeriiiiiiiitttitttt s 73
Appendix | — Supplementary figUres .......c.cciciiiiiiiiiiiiiiiiiirn e re e seneane |
Appendix Il = Primer and SGRNA SEQUENCES ......ccccereereereancrrnncrennerrnnerensessensessnssessnnens il

viii



Abbreviation List

17-AAG: 17-allylamino-17-demethoxy-geldanamycin
A-MT: astral microtubule

AICAR: 5-aminoimidazole-4-carboxamide riboside
APC/C: anaphase promoting complex/cyclosome
BRCA1: breast cancer type 1 susceptibility protein
BRCA2: breast cancer type 2 susceptibility protein
CB: chromosome bridge

CIN: chromosomal instability

CPC: chromosome passenger complex

CRISPR: Clustered regularly interspaced short palindromic repeats
DAPI: 4’,6-diamidino-2-phenylindole

DLBCL: diffuse large B cell lymphoma

DLGAPS: disks large-associated protein 5

DMEM: Dulbecco's modified Eagle's medium

DMSO: dimethyl sulfoxide

DSB: double strand break

eGFP: enhanced green fluorescent protein

FBS: Fetal Bovine Serum

FISH: fluorescence in situ hybridization

GC DLBCL: germinal center diffuse large B cell ymphoma
GNA13: G protein subunit alpha 13

GTP: guanine triphosphate

GEF: guanine exchange factor

H2B: histone 2B

Indel: insertion deletion mutation

Ip-MT: interpolar microtubule

K-MT: kinetochore microtubule

LC: lagging chromosome



LOF: loss-of-function

MAP: microtubule associated protein

MDR1: multi-drug resistance 1

MTA: Microtubule targeting agent

NEB: nuclear envelope breakdown

PAM: protospacer adjacent motif

PARP: poly (ADP-ribose) polymerase

PARPi: poly (ADP-ribose) polymerase inhibitor

PLK1: polo-like kinase 1

PCR: polymerase chain reaction

QRICH1: glutamine rich 1

R-CHOP: rituximab, cyclophosphamide, doxorubicin (hydroxydaunorubicin), vincristine
(Oncovin®), and prednisone

RFP: red fluorescent protein

RNAi: RNA interference

RPE1: retinal pigmented epithelium 1 cell

RPMI: Roswell Park Memorial Institute 1640 Growth Medium
S&C: search & capture

SAC: Spindle assembly checkpoint

SD: standard deviation

SEM: standard error of the mean

SEPHS1: selenophosphatase synthetase 1

SiRNA: short interfering RNA

sgRNA: single guide RNA

SSB: single strand break

STLC: S-trityl-L-cysteine

TACC3: transforming acidic coiled-coil containing protein 3
Topo lla: topoisomerase llo

U20S: U-2 osteosarcoma cell



WT: wild-type

y-TuRC: y-tubulin ring complex

Xi



Table list

Table 1. Mean ICso values and fold-change in sensitivity of NALMG6 lines treated with docetaxel or
vincristine

Table 2. Mean ICsg values and fold-change in sensitivity of U20S lines treated with docetaxel

xii



Figure list

Figure 1. Stages of mitosis

Figure 2. Microtubule structure and dynamic instability

Figure 3. The mitotic spindle and kinetochore attachments

Figure 4. Mechanisms of chromosomal instability

Figure 5. Clonal evolution and adaptive resistance

Figure 6. Main binding sites of microtubule targeting agents

Figure 7. Overview of synthetic lethality

Figure 8. Overview of the synthetic lethal screen

Figure 9. Chromatograms of NALM6 knockout clones

Figure 10. Mean ICsp values of NALMG6 lines treated with docetaxel or vincristine
Figure 11. Chromatograms of U20S knockout clones

Figure 12. Mean ICso values of U20S lines treated with docetaxel

Figure 13. Validation of GNA13 knockout in NALM6 and U20S cells

Figure 14. GNA13 knockout exacerbates CIN without altering mitotic progression in U20S cells
Figure 15. U20S GNA13 knockout clone 1 exhibits increased CIN

Figure 16. GNA13 knockout-induced CIN is not rescued by UMK57

Figure 17. Validation of GNA13 knockout in RPE1 cells

Figure 18. GNA13 knockout exacerbates CIN in the chromosomally stable RPE1 cells

xiii



Acknowledgements

First and foremost, | want to offer my most profound appreciation and gratitude to my
supervisor, Dr. Benjamin Kwok, for granting me the opportunity to pursue my master studies
under his supervision. His enthusiasm and dedication to science is inspiring, and | am incredibly

thankful to have received his valuable time, encouragement, and guidance.

I would like to graciously thank members of the Kwok lab, both past and present, for our
discussions, scientific and otherwise, their advice and technical assistance, and their comradery,
all of which have made the lab an extraordinary and memorable place to work. | want to thank
Dr. Benoit Barrette for teaching me the basics and assisting me at the start of my project. | want
to also thank Dr. Lauralie Peronne for her time and guidance, which has helped me grow as a

scientist.

| am deeply indebted to Dr. Julie Mantovani for her advice, support, and encouragement
throughout my project. | whole-heartedly would like to thank Dr. Sylvain Meloche for his
invaluable suggestions on my project, and for giving me a stronger sense of confidence as a
scientist. | sincerely thank Dr. Mike Tyers and his team for our collaboration from which this
project was based. My sincere thanks to Christian Charbonneau at IRIC’s Biolmaging platform for
taking the time to train and assist me with all things microscopy. Being able to use the LSM880

was definitely a treat.

I am immensely thankful for my friends Johnny Daou, Shawna Wing, Savanna Smith,
Gabriela Bernal Astrain, Vanessa Musacchio, Daniel Tiger, and Jeremy Kim, for their unwavering
support and constant motivation, especially when | needed it most. | am also extremely grateful
for my friend Dana Segal and our passionate late-night discussions about biology no one around
us could follow. Finally, | extend my sincerest gratitude to my family for their unconditional love,

support, and patience throughout this journey.

Xiv



Chapter 1: Introduction

1.1 Mitosis (Overview)

Several scientists in the 19% century began describing the process by which cells divide;
however, it was not until 1882 Walther Flemming coined the term “mitosis” (Flemming, 1879,
1965; Mcintosh & Hays, 2016). Mitosis is the process by which a cell evenly separates its
chromosomes between two daughter cells using a microtubule-based structure known as the
mitotic spindle. It is by far the shortest phase of the cell cycle, and its progression is a tightly
regulated process to ensure timely and error-free segregation of chromosomes. In preparation
for mitosis, the cell duplicates its genome and its centrosome (Stearns, 2001; Takeda & Dutta,
2005). Mitosis has several stages, beginning with prophase (Fig. 1). During prophase,
chromosomes begin to condense, and centrosomes separate while increasing microtubule
nucleation (Gadde & Heald, 2004; Kuriyama & Borisy, 1981; Walczak et al.,, 2010). By
prometaphase, the centrosomes arrive at opposite ends of the cell, and the nuclear envelope has
broken down, releasing condensed chromosomes into the cytoplasm. Microtubules capture the
free chromosomes, which then migrate to the spindle equator and biorient (Gadde & Heald,
2004; Walczak et al., 2010; Y. Zhang et al., 2018). Once all chromosomes align at the spindle
equator, the cell reaches metaphase (Fig. 1). It is essential not only for all chromosomes to be
correctly aligned at the spindle equator but also for each chromosome to form correct
attachments to the mitotic spindle. At this stage, the spindle assembly checkpoint (SAC) senses
the formation of erroneous attachments, which must be corrected to satisfy it and permit mitosis
to progress. Erroneous attachments that persist through metaphase may result in incorrect
chromosome segregation and aneuploidy (discussed in detail later). Once the SAC is satisfied,
chromosome cohesion is relieved, and the dividing cell enters anaphase (Musacchio & Salmon,
2007; Salic et al., 2004). Anaphase has distinct two stages: anaphase A and anaphase B (Fig. 1).
During anaphase A, chromosomes begin migrating towards the spindle poles while the spindle

poles remain in place. Only in anaphase B do the spindle poles separate (Asbury, 2017; Scholey



et al., 2016; Walczak et al., 2010). Once chromosomes segregate to opposite poles, telophase
begins: the nuclear envelope reassembles, chromosomes decondense, and furrow ingression
begins to separate daughter cells begins (Fig. 1). Cytokinesis is the final step in which the spindle
midbody, a structure of antiparallel microtubules, forms, and the cleavage furrow splits the two

daughter cells (Chircop, 2014; Gadde & Heald, 2004).

k-fibre
- Astral
/ +1,microtubules
Kinetochore —4 — 4 . J
Chromeosame \ Spindle equator
— \ / e
B\, / S
’ B ! |
= "/ e Spindle microtubules

= Prophase Prometaphase
-Centrosome

Figure 1. Stages of Mitosis. Mitosis has several stages. Duplication of the genome and the
centrosome occurs in interphase in preparation for mitosis. In prophase, DNA condenses into
chromosomes, and the duplicated centrosomes begin separating to opposite ends of the cell. By
prometaphase, the mitotic spindle has formed, and the nuclear envelope has broken down. Once
all the chromosomes correctly attach to the spindle and align along the spindle equator, the cell
reaches metaphase. The separation of chromosomes occurs in anaphase. In anaphase A,
chromosomes migrate towards the poles, while in anaphase B, the spindle poles separate
further. Once separated at telophase, the chromosomes begin to decondense. The final stage is
cytokinesis, in which the mitotic cell is cleaved into individual daughter cells (not depicted). Figure
used with permission from Springer Nature, license number 4807680711420, (Walczak et al.,
2010).



1.1.1 Microtubules

Microtubules are long, rigid, yet highly dynamic polymers that are involved in many
cellular functions, such as intracellular trafficking, cell migration, and chromosome segregation
during mitosis (Akhmanova & Steinmetz, 2015; T. Mitchison & Kirschner, 1984). They comprise
of 13 protofilaments of af3-tubulin heterodimers assembled into a hollow cylindrical structure
with distinct plus- and minus-ends, with the plus-end being the more dynamic of the two. The
minus-end commonly capped by the y-tubulin ring complex (y-TuRC) complex, which is also
responsible for centrosomal microtubule nucleation (Fig. 2A) (Akhmanova & Steinmetz, 2015;
Brouhard & Rice, 2018; Jiang & Akhmanova, 2011; Nogales & Wang, 2006). Both a.- and B-tubulin
bind one molecule of GTP each; however, only B-tubulin possesses GTPase activity (Horio et al.,
2014). GTP-tubulin is incorporated at the microtubule plus-end, forming a stabilizing GTP cap.
Once incorporated into the microtubule lattice, B-tubulin hydrolyzes GTP and remains within the
lattice until released as GDP-tubulin when the microtubule experiences shrinkage (Fig. 2A)
(Brouhard & Rice, 2018; Horio et al., 2014). Microtubules alternate between states of growth and
shrinkage. Four rates impact microtubule dynamics: rate of growth, rate of shrinkage,
catastrophe frequency (the abrupt switch from growth to shrinkage), and rescue frequency (the
abrupt switch from shrinkage to growth) (Bowne-Anderson et al., 2013; Walker et al., 1987). The
ability of microtubules to stochastically alternate between growth and shrinkage is called
dynamic instability. It is a defining characteristic of microtubules and essential for its role in
generating the force required to segregate chromosomes in mitosis (Fig. 2B) (Mary Ann Jordan &

Wilson, 2004).
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Figure 2. Microtubule structure and dynamic instability. (A) Microtubules are polymers of a3-
tubulin heterodimers that form hollow cylinders with distinct plus and minus ends. GTP-tubulin
incorporates at the microtubule plus-end. Once incorporated into the lattice, GTP is
hydrolyzed. The y-TuRC complex caps the microtubule minus-end. (B) Dynamic instability is a
defining characteristic of microtubules. Free tubulin exchanges GDP for GTP and is then
incorporated into the growing plus-end of a microtubule (polymerization), forming the
stabilizing GTP cap. Once the GTP cap is lost, the microtubule beings to disassemble
(depolymerization). The rapid change from growth to shrinkage is called catastrophe, and the
rapid change from shrinkage to growth is called rescue. Microtubules undergoing no growth
or shrinkage are “paused.” Figure used with permission from Springer Nature, license number
4807700592819, (Conde & Caceres, 2009).



1.1.2 Microtubules of the mitotic spindle

The mitotic spindle is composed of microtubules arranged in a bipolar, antiparallel array,
with the microtubule minus-ends oriented at the spindle poles and the microtubule plus-ends
emanating outwards (Fig. 3A). Along with microtubule-associated proteins (MAPs), it is
responsible for aligning and biorienting chromosomes along the spindle equator, and segregating
chromosomes to each daughter cell. Centrosomes are the main microtubule-organizing centers
during mitosis and nucleate the majority of microtubules. Both motor and non-motor MAPs are
required to form and maintain a bipolar spindle and ensure proper chromosome congression.
For example, the kinesin CENP-E transports chromosomes with free kinetochores to the spindle
equator along spindle microtubules, while TACC3 and the microtubule plus-end polymerase ch-
TOG ensure highly organized bipolar spindles are formed (Gergely et al.,, 2003; Heald &
Khodjakov, 2015). There are three distinct types of spindle microtubules: (i) astral microtubules
(a-MTs), (ii) interpolar microtubules (ip-MTs; also known as non-kinetochore microtubules), and
(iii) kinetochore microtubules (k-MTs; Fig. 3A) (Mastronarde et al., 1993; Prosser & Pelletier,
2017).

A-MTs are nucleated by centrosomes and radiate their plus-ends outwards towards the
cell cortex (Fig. 3A). The majority of a-MTs anchor the spindle to the cell cortex and are
responsible for centrosome separation during early mitosis, and spindle positioning before
anaphase. Dynein, a microtubule minus-end directed motor, is anchored to the cell cortex by
dynactin and the NuMA-LGN-Ga.i complex. This anchored complex generates the force that pulls
the spindle via its minus-end directed movement towards the centrosome (Grill & Hyman, 2005;
Laan et al., 2012; McNally, 2013; Okumura et al., 2018). Additionally, a small subset of a-MTs
grow into the spindle midbody and assist chromosome congression by generating polar ejection
force, a process by which they push chromosome arms towards the spindle equator with
chromokinesins (kinesins that interact with chromosomes) such as Kid (Brouhard & Hunt, 2005;

Levesque & Compton, 2001).



The second group of microtubules is known as ip-MTs. Ip-MTs form the bulk of the mitotic
spindle and are the most dynamic of the three types of spindle microtubules (Zhai et al., 1995).
They are responsible for spindle bipolarity, central spindle assembly, and chromosome
congression to the spindle equator via chromokinesins and lateral interactions with kinetochores
(Cai et al., 2009; Magidson et al., 2011; Vanneste et al., 2011; Wignall & Villeneuve, 2009). The
bulk of ip-MTs are nucleated by the centrosomes, although some are nucleated along k-MTs. Ip-
MTs extend towards the spindle midzone, with some extending beyond the midzone (Fig. 3A).
These polar, overlapping ip-MTs are crosslinked by MAPs that generate poleward microtubule
flux, such as the microtubule plus-end directed kinesin Eg5. Eg5 inhibition results in monopolar
spindles as a result of failed centrosome separation (Khodjakov et al., 2003; Mastronarde et al.,

1993; Miyamoto et al., 2004; Saxton & Mclntosh, 1987).

The final type of spindle microtubules are the kinetochore microtubules (k-MTs). Bundles
of about 20 k-MTs form kinetochore fibres (k-fibres; discussed below) and attach to
chromosomes via association at kinetochores. The majority of these microtubules span the entire
distance between centrosomes and kinetochores (Fig. 3A), although a small subset of k-MTs
attach only at either the centrosome or the kinetochore. Once associated with the kinetochore,
k-MT dynamics stabilize, but growth and shrinkage are not outright inhibited. Instead,
microtubule dynamics become more tightly regulated to accomplish specific goals, such as
correcting erroneous microtubule attachments (McDonald et al., 1992; Nixon et al., 2015; Prosser

& Pelletier, 2017).

1.1.2.1 K-fibre formation

K-fibres link chromosomes to the spindle poles and are essential for chromosome
segregation. The bulk of k-fibres are nucleated by the centrosomes and radiate outwards,
randomly searching the cytoplasm for kinetochores by rapidly alternating between growth and
shrinkage. Once a k-fibre plus-end “captures” a chromosome, the plus-end stabilizes. This is

known as the search and capture (S&C) model of k-fibre formation. Centrosome-mediated



microtubule nucleation is very robust, and therefore the S&C method is believed to be the
predominant method by which k-fibres form (Heald & Khodjakov, 2015; Kirschner & Mitchison,
1986; Prosser & Pelletier, 2017). However, there are two pitfalls to the S&C model being the only
mechanism for k-fibre formation. First, mathematical modeling suggests that the S&C of
microtubules alone is far too inefficient and would take far longer than the actual duration of
mitosis (Wollman et al., 2005). Additionally, systems that lack centrosomes (naturally or
experimentally) are capable of forming bipolar spindles (Khodjakov et al., 2000; Mahoney et al.,
2006; Megraw et al., 2001). While centrosome-mediated k-fibre formation appears to be the
predominant mechanism involved in cells containing centrosomes, chromosomes are not passive

in spindle assembly and are actively involved in k-fibre formation.

K-fibres nucleated by chromosomes grow via plus-end polymerization at kinetochores;
however, their growth is not directed towards the centrosome. Instead, the minus-end is
captured by a-MTs and directed towards the spindle pole (Khodjakov et al., 2003; Maiato et al.,
2004). There are two pathways involved in chromosome-mediated k-fibre formation: (i) the RAN-
GTP pathway, and (ii) the chromosome passenger complex (CPC) pathway. Both these pathways
produce gradients at the chromosomes that promote local microtubule assembly at the
kinetochore. The RAN-GTP pathway forms a RAN-GTP and importin-B gradient around
chromosomes, and is responsible for local microtubule nucleation and polymerization via the
release of inhibition of spindle assembly factors (Kaldb et al., 2006; Prosser & Pelletier, 2017).
The CPC (inner centromere protein [INCEP], survivin, borealin, and Aurora B kinase) creates an
aurora B-generated phosphorylation gradient centered at centromeres that inhibits microtubule
depolymerization via the inhibition of microtubule destabilizing proteins, such as KIF2C (also
known as mitotic centromere-associated kinesin, MCAK) (Prosser & Pelletier, 2017; Ruchaud et
al., 2007). It is crucial stable and correct attachments form between k-fibres and chromosomes,
as defective chromosome capture and erroneous attachments may result in abnormal

chromosome segregation.
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Figure 3. The mitotic spindle and kinetochore attachments. (A) The mitotic spindle is a bipolar
array of microtubules. Centrosomes, the principal microtubule-organizing centers during mitosis,
nucleate the majority of spindle microtubules. There exist three types of microtubules that form
the mitotic spindle. Astral microtubules (a-MTs) emanate from the centrosomes and anchor the
spindle to the cell membrane. Interpolar microtubules (ip-MTs) extend to the spindle midzone
and are crosslinked by MAPs to maintain spindle bipolarity and generate microtubule flux.
Kinetochore microtubules form bundles called k-fibres. K-fibres are captured by chromosomes
at the kinetochore to segregate chromosomes. (B) Types of microtubule attachment. A
chromosome is correctly attached when sister chromatids orient towards opposite poles
(amphitely). Erroneous attachments manifest in three ways. The chromosome attaches to only
one spindle pole via one kinetochore (monotely). The chromosome biorients and attaches to
opposite spindle poles, but one kinetochore is attached to both spindle poles (merotely). Finally,
the chromosome is attached to only one spindle pole via both kinetochores (syntely).

1.1.3 Chromosomal instability and aneuploidy

Chromosomes must be equally divided between daughter cells, as abnormal
chromosome segregation has drastic consequences. Cells containing multiples of the haploid
number of chromosomes are euploid, while any deviation from the euploid state is aneuploid.
Humans have 46 chromosomes, and deviation from that number is rarely tolerated (Mustaly &
Ganem, 2015; Pfau & Amon, 2012). For example, aneuploidy is one of the leading causes of
miscarriage in the first trimester of pregnancy, and most frequently manifests as a trisomy (a
third copy of a chromosome present) of an autosome (a chromosome that is not a sex
chromosome). Few trisomies are tolerable beyond the first trimester, with trisomy 21 (Down’s
Syndrome) the most common in humans (although trisomies 13 and 18 are also possible, but
children do not survive to adulthood) (Hassold & Hunt, 2001; Robinson et al., 2001). If a cell can

tolerate the result of an abnormal division, it is not without consequences.
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Figure 4. Mechanisms of chromosomal instability. (A) Normal mitosis in which chromosomes
form amphitelic attachments with the mitotic spindle, biorient along the spindle equator, and
segregate equally between daughter cells. (B) A mitosis in which the spindle assembly checkpoint
is weakened and does not prevent anaphase onset before erroneous attachments are corrected,
resulting in chromosome missegregation. Pictured above is an example of a monotelic
attachment resulting in both sister chromatids segregating to the same daughter cell. (C and D)
Mechanisms by which lagging chromosomes arise. (C) Defects in the machinery responsible for
correcting erroneous attachments, or the inability to correct defects because of hyperstable
attachments, allows incorrect attachments to persist until anaphase. Pictured above is a lagging
chromosome from an uncorrected merotelic attachment. (D) Multipolar spindles increase the
frequency of merotelic attachments. If centrosomes cluster for bipolar division, lagging
chromosomes may arise if not corrected by anaphase. (E and F) Chromosomal instability
produced by cohesion defects. (E) Premature loss of chromosome cohesion results in random
segregation of sister chromatids. (F) If chromosome cohesion is not relieved by anaphase, sister
chromatids remain entangled while being separated by the mitotic spindle. This manifests as a
chromosome bridge, which, if not corrected by abscission, results in a DNA double-strand break.
Figure used with permission from Elsevier, license number 4807670177482, (Funk et al., 2016).

Genomic instability is a hallmark of cancer, and one form of genomic instability is
chromosomal instability (CIN). CIN refers to an increase in chromosome segregation error rate
during mitosis, and defective chromosome segregation results in aneuploidy (Bolhaqueiro et al.,

2019; Hanahan & Weinberg, 2011). While CIN and aneuploidy are both frequently observed in
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cancer, these terms are not interchangeable. CIN is a means by which aneuploidy may arise;
however, the presence of aneuploidy alone does not determine if a cell is chromosomally
unstable. It is also important to note that CIN may be visible even though chromosomes
segregate faithfully, and correct karyotype is maintained. Chromosome segregation errors
observed at anaphase are readouts for CIN; however, it has been reported that chromosomes
missegregate without any observable error as frequently as chromosomes that did visibly lag
(Potapova et al., 2013; Thompson & Compton, 2008, 2011). CIN is not one homogenous cellular

event, and there are multiple mechanisms as to how segregation errors arise.

1.1.3.1 Spindle assembly checkpoint defects

A chromosome is correctly attached to the mitotic spindle when kinetochores are
oriented towards and attached to opposite spindle poles (amphitely). Erroneous attachments to
the mitotic spindle include both kinetochores attaching to the same spindle pole (syntely), only
one kinetochore attaching to only one spindle (monotely), and one kinetochore attached to the
correct spindle while the other is attached to both (merotely) (Fig. 3B). The SAC, comprising of
Mad1, Mad2, BubR1, Bub1l, Bub3, and Mps1 in humans, is a safeguard mechanism that ensures
erroneous attachment correction (except merotelic attachments which satisfy the SAC and are
corrected via another mechanism) before anaphase. The primary target of the SAC complex is
the anaphase-promoting complex/cyclosome (APC/C), a multi-subunit ubiquitin E3 ligase that
regulates protein degradation by the 26S proteasome during mitosis. Chromosomes are held
together by the cohesin complex until the cell is ready to proceed to anaphase. Once the SAC is
satisfied, inhibition of the APC/C is relieved. The APC/C then ubiquitinates securin, which allows
separase to cleave the cohesin complex subunit Rad21, freeing chromosomes for anaphase

(Barbosa et al., 2011; Matsuura et al., 2006; Musacchio, 2015; Musacchio & Salmon, 2007).
A weakened SAC allows cells to enter anaphase before each chromosome is correctly
attached to the mitotic spindle, resulting in abnormal segregation of chromosomes (Fig. 4B)

(Musacchio, 2015; Thompson et al.,, 2010). An example of weakened SAC signaling is mosaic
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variegated aneuploidy disorder, a rare disorder caused by mutations in the SAC gene BUB1B
(encoding BubR1). People with this disease display growth retardation, microcephaly, premature
chromatid separation, and monosomy/trisomy mosaicism. The increase in CIN results in a high
degree of aneuploidy, with patients experiencing high rates of childhood cancer (Matsuura et al.,
2006; Pfau & Amon, 2012; Thompson et al., 2010). Additionally, Bub1 insufficiency is capable of
fueling tumorigenesis via increased chromosome missegregation (Baker et al., 2009). While these
results support the notion that the SAC is paramount in ensuring correct chromosome
segregation, mutations in SAC genes are uncommon in cancer, even those with elevated CIN.
Rather, altered SAC gene expression results in increased CIN and aneuploidy (Barbosa et al., 2011;

Holland & Cleveland, 2012; Tighe et al., 2001).

1.1.3.2 Lagging chromosomes

Lagging chromosomes (LC) are the most common form of CIN observed (Thompson &
Compton, 2008). They arise when a single chromatid lags behind the rest of the segregating
masses of chromatin (Fig. 4C) (Funk et al., 2016). Most kinetochores form merotelic attachments
early in mitosis but correct them before anaphase (Cimini et al., 2003). Merotelic attachments
do not activate the SAC because microtubule occupancy at kinetochores is sensed as equivalent
to that of amphitelic attachments, thus satisfying the SAC. The majority of kinetochores with
merotelic attachments form more attachments to the correct spindle pole, and chromatids
ultimately segregate to the correct daughter cell (Cimini et al., 2001, 2004). However, a LC
entrapped in the cleavage furrow may undergo a double-strand break (DSB) if not corrected
before completion of cytokinesis. DSB repair occurs via non-homologous end-joining; however,
this encourages chromosomal rearrangements and contributes to a cycle of break-fusion-break

events (Janssen et al., 2011).

Merotelic attachments depend on their rate of formation and their rate of correction

(Thompson et al., 2010), and CIN cancer cells possess reduced error correction capacity and

hyperstable k-MTs (Bakhoum, Genovese, et al., 2009; Ferreira et al., 2020; Mustaly & Ganem,
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2015). Aurora B is enriched at merotelic attachments and is responsible for recruiting the error
correction machinery. For example, it is responsible for both recruiting and regulating the
kinesin-13 KIF2C, a microtubule depolymerase. Centromeric KIF2C increases k-MT turnover to
correct merotelic attachments. Phosphorylation of S196 by Aurora B then inhibits its activity,
stabilizing the k-MT (Andrews et al., 2004; Knowlton et al., 2006; Lan et al., 2004). K-MT turnover
decreases and the occurrence of LCs increases in KIF2C-deficient cells, while KIF2C
overexpression or treatment with the KIF2C agonist UMK57 increases k-MT turnover and

decreases LC formation (Bakhoum, Thompson, et al., 2009; Orr et al., 2016).

LCs may also arise in mitotic cells with more than two centrosomes. In addition to the
main spindle, the additional centrosome(s) also form stable kinetochore attachments. This
results in an increase in merotelic attachments during the multipolar intermediate that persists
through anaphase (Fig. 4D). While cells with more than two centrosomes can undergo a
multipolar anaphase, it is exceedingly rare and usually results in cell death due to severe
chromosome gains/losses. Instead, cells have mechanisms in place to cluster extra centrosomes
and ensure a bipolar division occurs. One example is the minus-end directed kinesin KIFC1, which
is commonly overexpressed in cancers. KIFC1 depletion abrogates extra centrosome clustering,
resulting in multipolar anaphase (Funk et al., 2016; Kwon et al., 2008; Quintyne et al., 2005;
Silkworth et al., 2009; Zasadil et al., 2014).

1.1.3.3 Cohesion defects

Although less common than LCs, chromosome cohesion defects are additional sources of
chromosome segregation errors. Cohesion defects may arise in two ways. The first is by
premature loss of chromosome cohesion before anaphase (Fig. 4E) (Funk et al., 2016; Mustaly &
Ganem, 2015; Thompson et al.,, 2010). Cells must maintain proper chromosome cohesion
throughout mitosis to ensure correct chromosome segregation at anaphase. Chromosome
cohesion is maintained by DNA catenations (DNA entanglements), and the cohesin complex

(Diaz-Martinez et al., 2007). The cohesin complex comprises of four core components Smcla,
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Smc3, Rad21, and either Stagl or Stag2. Cohesin is loaded onto DNA before S phase and remains
bound until prophase, when the bulk of it is removed by Wap1, Aurora B, and Polo-like kinase 1
(PLK1) phosphorylation (cleavage-independent; prophase pathway). The remaining cohesin is
primarily located at centromeres and telomeres, and protected by a complex of Shugosin and
protein phosphatase 2A. Once chromosomes properly align at the spindle equator and the SAC
is satisfied, separase cleaves Rad21 just before anaphase onset (cleavage dependant; separase
pathway) (Dai et al., 2006; Nakajima et al., 2007; Peters et al., 2008). Cohesin-complex genes are
rarely mutated, even in cancer (Peters et al., 2008). Rather, mechanisms maintaining
chromosome cohesion are perturbed. Examples include premature cleavage of cohesin by
separase via loss of inhibition from securin, and the loss of inhibitory phosphorylation by the
cyclin dependant kinase CDK1 (Chiang et al., 2011; Stemmann et al., 2001). If chromosome
cohesion is lost before anaphase, sister chromatids randomly segregate because they do not

biorient at the spindle equator and randomly attach to spindle poles (Funk et al., 2016).

The second cohesion defect is the result of incomplete resolution of chromosome
cohesion at anaphase (Fig. 4F). Genome replication during S phase inherently produces DNA
catenations. DNA topoisomerase lla (Topo lla) is responsible for DNA decatenation before
anaphase by passing one DNA strand through a transient DSB of another strand, with
centromeres and telomeres being exceptions. Only once cohesin is cleaved by separase is Topo
llo. capable of completing DNA decatenation and relieving cohesion (L. H. C. Wang et al., 2010).
Incomplete resolution of chromosome cohesion, either by incomplete DNA decatenation or
incomplete cohesin removal before anaphase, results in the formation of a chromosome bridge
(CB), a distinguishable bridge of DNA that arises during anaphase that stretches between both
DNA masses of a dividing cell. If unresolved, CBs can break via tension generated by the spindle
poles, or cleavage by the cleavage furrow at cytokinesis, resulting in DNA DSB. Like with LCs, CBs
experiencing a DSB may undergo structural rearrangements, fueling a cycle of break-fusion-break
events (Funk et al.,, 2016; J. H. Lee & Berger, 2019; Pampalona et al., 2016). Other possible
outcomes include cleavage furrow regression to allow enough time to correct the bridge, or

complete cleavage furrow regression and tetraploidization (Ganem & Pellman, 2012; Janssen et
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al., 2011; Pampalona et al., 2016).

1.1.3.4 Clinical relevance of CIN & aneuploidy

CIN and aneuploidy are quite common in cancer and drive tumorigenesis. CIN is observed
in 44% of solid cancers and 14% of hematopoietic cancers, while aneuploidy is found in over 85%
of solid cancers and over 70% of hematopoietic cancers (Ben-David & Amon, 2020; Taylor et al.,
2018; Zasadil et al., 2013). The gain or loss of just a fraction of a chromosome may result in a
change in copy number of dozens to thousands of genes (Ben-David & Amon, 2020; Kuukasjarvi
et al., 1997). Paradoxically, CIN and aneuploidy confer an overall growth penalty to the cell.
Elevated CIN negatively impacts proliferation but does not inhibit tumor cell initiation (Godek et
al., 2016; Zasadil et al., 2016), while severe segregation defects results in cell death (Zasadil et
al., 2014). This suggests that although CIN and aneuploidy are rather slow processes, they can act
both oncogenically and as tumor suppressors. Their oncogenic potential depends on what has
been gained or lost by the cell, as well as the context in which they occur, as no single
chromosome gain or loss universally promotes tumorigenesis. Cell type heavily influences
aneuploidy patterns. For example, chromosome arm 13q is frequently gained in colorectal
adenocarcinoma, but frequently lost in lung squamous cell carcinoma. Cell type selects
aneuploidies that confer advantageous karyotypes, as chromosomes gained frequently encode
proliferation-promoting genes, and chromosomes lost encode anti-proliferative genes (Ben-
David & Amon, 2020). Mentioned earlier, Bub1 deficient mice exhibited an increased incidence
of aneuploidy and loss of tumor suppressor heterozygosity. However, this was in a cell type-
specific manner, as loss of p53 heterozygosity lead to increased incidence of lymphoma, while
loss of APC heterozygosity promoted colonic tumors (Baker et al., 2009). CIN and aneuploidy not

only have the potential to induce cancer, but also to influence treatment outcome.

Tumors exhibiting CIN or aneuploidy are also associated with poor patient prognosis and

worse overall survival (Bakhoum et al., 2011; C. M. Choi et al., 2009; Choma et al., 2001; Heilig et

al., 2010; Hieronymus et al., 2018; Stopsack et al., 2019). This is because CIN and aneuploidy are
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drivers of intratumor heterogeneity and clonal evolution. Upon selective pressure, clones that
have acquired advantageous karyotypes survive and proliferate in a Darwinian “survival of the
fittest” (Fig. 5). This is commonly observed in cancer, for example, by conferring an advantageous
karyotype to a new microenvironment (metastasis), or conferring drug resistance (Ben-David &
Amon, 2020; Duesberg et al., 2000). Clinically this results in poor treatment outcome as a result
of drug-resistant cancer (Choma et al., 2001; Dagogo-Jack & Shaw, 2018; A. J. X. Lee et al., 2011;
Sansregret et al., 2018). This has prompted researchers to attempt exploiting aneuploidy itself as
a therapeutic target. Swanton and colleagues have demonstrated that CIN breast cancer cells
were resistant to paclitaxel but sensitive to carboplatin (Swanton et al., 2009). Additionally,
aneuploidy elicits cellular stress because of metabolic imbalances. Tang and colleagues identified
the HSP90 protein folding inhibitor 17-allylamino-17-demethoxy-geldanamycin (17-AAG), the
autophagy inhibitor chloroquine, and the metabolic stress-inducing agent 5-aminoimidazole-4-
carboxamide riboside (AICAR), exacerbate proteotoxic and metabolic stress in aneuploid mouse
embryonic fibroblasts. Additionally, 17-AAG and AICAR inhibited proliferation of CIN colorectal
cancer cell lines, but not those with near euploid karyotypes (Tang et al., 2011). Although
progress has been made, there are still many unknowns about processes driving CIN and

aneuploidy and how they may be exploited to benefit patients.
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Figure 5. Clonal evolution and adaptive resistance. Over time, diploid cells will become
aneuploid due to the gain or loss of chromosomes. If not lethal, these unique clones will
continue to propagate until selective pressure, such as drug treatment, is applied. Clones
sensitive to the selective pressure are terminated; however, clones that have randomly
acquired advantageous karyotypes survive and continue to evolve.

1.2 Microtubule targeting agents

Microtubules are involved in many cellular processes and are a successful target in cancer
treatment. Colchicine was the first microtubule targeting agent (MTA) discovered, but its use is
limited to niche autoimmune diseases (Steinmetz & Prota, 2018). The discovery of Vinca alkaloids
in the 1950s (Noble et al., 1958) and paclitaxel in the 1970s (Schiff et al., 1979) revolutionized
cancer treatment. Several MTAs are now listed on the World Health Organization’s (WHO) List of
Essential Medicines (World Health Organization (WHQ), 2019). As successful as they are clinically,
they are far from perfect. Because MTAs are cytotoxic, toxicity remains a persistent challenge.

To attempt to overcome these challenges, analogs of existing molecules, as well as novel
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compounds, are presently being explored (Dumontet & Jordan, 2010; Steinmetz & Prota, 2018).

a b c

{+) end

Tubulin-
colchicing
complex

(-} end {-) end - end

Figure 6. Main binding sites of microtubule targeting agents. (A) The Vinca alkaloid binding
site. Vinca alkaloids bind at the microtubule plus end suppresses microtubule dynamics by
generating a wedge between longitudinal tubulin dimers. Pictured is the Vinca alkaloid
vinblastine. (B) The colchicine binding site. Compounds binding the colchicine site form
complexes with free tubulin, which are then incorporated into the microtubule to suppress
microtubule dynamics. Pictured is the formation of tubulin-colchicine complex incorporated
within the microtubule lattice. (C) The taxane binding site. The taxane binding site is located on
the luminal face of microtubules. Compounds binding this site bind polymerized microtubules
and stabilize them. Pictured is the binding of paclitaxel. Figure used with permission from
Springer Nature, license number 4807700592819, (Mary Ann Jordan & Wilson, 2004).

MTAs have also proven to be powerful tools in studying microtubule dynamics and the
cellular processes they partake in, as they are reversible and enable dose-dependent studies.
MTAs are capable of severely altering microtubule dynamics at very low stoichiometries with
tubulin, making them substoichiometric poisons. At low concentrations, MTAs slow dynamic

instability, and induce microtubule stabilization (Mary Ann Jordan & Wilson, 2004). However,
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MTAs are broadly classified based on their effect on microtubule dynamics at high concentrations
as either microtubule stabilizers or microtubule destabilizers (Kavallaris, 2010). While there exists
several unique MTA bindings sites on tubulin, only the three most commonly targeted sites will
be discussed in detail: (i) the Vinca alkaloid binding site, (ii) the colchicine binding site, and (iii)

the taxane binding site (Fig. 6).

1.2.1 Vinca alkaloid binding site

The Vinca alkaloid binding site is named after the class of compounds first found to bind
it. The Vinca alkaloids are a class of terpene alkaloids produced by the Madagascar periwinkle
(Catharanthus roseaus, [C. roseaus]). In the 1950s, Canadian scientists Robert Noble and Charles
Beer at the University of Western Ontario were exploring the therapeutic benefits of C.
roseaus extract and discovered it acts as a myelosuppressive. This observation led them to
believe it would be beneficial in treating hematological cancers. In 1958, they successfully
isolated vinblastine and vincristine from extracts, and by partnering with Eli Lily, a new way to
treat cancer was discovered (Mary Ann Jordan & Wilson, 2004; Noble et al., 1958). Since their
discovery, semi-synthetic analogs have been generated, such as vindesine and vinorelbine, also
used clinically. Additionally, novel natural products, such as the cryptophycins discovered in
cyanobacteria, and the dolastatins discovered in sea slugs, are actively being researched

(Bennouna et al., 2008; Gregory & Smith, 2000; Pettit et al., 1998; C. D. Smith et al., 1994).

One Vinca alkaloid binding site per tubulin dimer is located within the B-tubulin subunit
at the tubulin inter-dimer interface. Vinca alkaloids are composed of two moieties, the
catharanthine moiety and the vindoline moiety, both of which are required for binding. Binding
at the plus-end prevents the curved-to-straight conformational change required to form
microtubules. Due to binding occurring at the inter-dimer interface and a curved conformation,
Vinca alkaloids induce the formation of helical tubulin aggregates, but at concentrations far
beyond what is necessary to completely depolymerize microtubules (Gigant et al., 2005; Mary

Ann Jordan et al., 1991). At low doses, Vinca alkaloids do not depolymerize microtubules. Rather,
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they impede microtubule dynamics by decreasing the rate and duration of microtubule growth
at the plus-end (Fig. 6A). Only at high doses are they capable of depolymerizing microtubules. For
example, Jordan and colleagues reported vincristine and vinblastine completely depolymerize
microtubules at 100nM in Hela cells, but severely suppress mitotic progression by accumulating
cells in a metaphase-like state at much lower concentrations (ICso values of 2.7nM and 0.8nM,

respectively) (Mary Ann Jordan et al., 1991; Mary Ann Jordan & Wilson, 2004).

The Vinca alkaloids were first approved for hematological cancers; however, their use has
since expanded to include solid cancers (Dumontet & Jordan, 2010). For example, vinblastine is
also used to treat germ cell cancers in both males and females, and vincristine to treat
neuroblastoma and nephroblastoma (Martino et al., 2018; World Health Organization (WHO),
2019). The production of semi-synthetic analogs has expanded the repertoire of Vinca alkaloids
used clinically, such as vindesine to treat hematological cancers and lung cancer, vinflunine to
treat bladder cancer, and vinorelbine to treat metastatic breast cancer and non-small cell lung
carcinoma. Vincristine, vinblastine, and vinorelbine are listed as essential medicines by the WHO

(Dumontet & Jordan, 2010; World Health Organization (WHO), 2019).

1.2.2 Colchicine binding site

Colchicine was first extracted by the French chemists Pierre Pelletier and Joseph Caventou
in 1820 from the plant Colchicum autumnale. While being the first MTA discovered, it is not used
to treat cancer because of toxicity-related side effects. Instead, it is used to treat inflammatory
diseases like gout, familial Mediterranean fever, pericarditis, and Behcet’s disease (Lu et al.,
2012; Slobodnick et al., 2015). While there is great structural diversity among ligands for the
colchicine binding site, toxicity remains a challenge for many. For example, nocodazole is another
well-known drug that binds the colchicine site, but it has not been explored for clinical use due
to severe toxicity. However, nocodazole remains one of the most commonly used MTAs to study

microtubule dynamics and mitosis in vitro (Attia, 2013; Bates & Eastman, 2017; Blajeski et al.,
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2002; Brabander & Borgers, 1973). However, some colchicine binding site ligands show promise

and are being explored in clinical trials, such as the combretastatins (Lu et al., 2012).

Drugs that bind the colchicine site are microtubule destabilizers. There is one binding site
per tubulin dimer located on the B-tubulin subunit at the intra-dimer interface. Binding induces
conformational changes in both a- and B-tubulin subunits, hindering the tubulin dimer from
undergoing the curved-to-straight conformational change required to form microtubules (Ravelli
et al., 2004; Steinmetz & Prota, 2018). Colchicine does not directly bind the microtubule plus-
end; rather, it binds free tubulin heterodimers slowly to form poorly reversible colchicine-tubulin
complexes, which are then incorporated into the polymerized microtubule (Fig. 6B). At low
concentrations, the incorporation of colchicine-tubulin complexes impairs polymerization
efficiency but does not halt polymerization altogether. Only at high concentrations do these
complexes prevent polymerization and induce microtubule disassembly. Instead, microtubule
dynamics are severely altered but not wholly suppressed (M. A. Jordan, 2002; Mary Ann Jordan

& Wilson, 2004; Margolis & Wilson, 1977; Vandecandelaere et al., 1997).

Isolated from the African Bushwillow tree (Combretum caffrum), the combretastatins are
structurally similar class of compounds that also bind the colchicine binding site. Of the natural
combretastatins, combretastatin A4 is the most potent with regard to tubulin-binding and
cytotoxicity, but has poor stability in vivo. More stable analogs are being explored predominantly
as anti-vasculature agents to treat solid tumors (Gaspari et al., 2017; Mary Ann Jordan & Wilson,
2004; Lu et al., 2012). Solid tumors are limited in their growth capacity by the existing network
of blood vessels that supply them with nutrients and oxygen. Tumors are capable of overcoming
this by producing new blood vessels, a process called angiogenesis (Nishida et al., 2006). Tumor
vasculature is abnormal compared to healthy vasculature, and therefore sensitive to MTAs. While
antiangiogenic drugs are already in use clinically, such as inhibitors of vascular endothelial growth
factor and matrix metalloproteinases, combretastatins are being explored to target the
vasculature directly. The rapid shutdown of the tumor vasculature ultimately results in hypoxia-

induced cell death (Shi et al., 2016; Tozer et al., 2002; Vasudev & Reynolds, 2014).
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1.2.3 Taxane binding site

Drugs that bind the taxane binding site are microtubule stabilizers. These drugs inhibit
dynamic instability by preventing microtubule depolymerization, and at high doses, by promoting
microtubule polymerization (Winefield et al., 2008). There is one taxane binding site per tubulin
heterodimer within the B-tubulin subunit, which is located on the luminal side of polymerized
microtubules (Mary Ann Jordan & Wilson, 2004; Nogales et al., 1995). Taxanes were the first class
of molecules identified to bind this site, but the list has grown to include epothilones, and more
recently zamponolide, dactylolide, and taccalonolides (Dumontet & Jordan, 2010; Field et al.,

2012; Y. Wang et al., 2017).

Taxanes are diterpene molecules initially discovered in trees. Paclitaxel (commonly
known by its brand name Taxol®) was extracted from the Pacific yew tree (Taxus brevifolia) in
the 1960s by Monroe Wall and Mansukh Wani (Wani et al., 1971). In 1979, its antiproliferative
effect discovered by Susan Horwitz’s lab. They demonstrated paclitaxel possessed antitumor
activity and promoted microtubule polymerization, a novel mechanism because only microtubule
destabilizers were known at the time (colchicine, Vinca alkaloids) (Schiff et al., 1979; Wall & Wani,
1995). Substoichiometric binding of paclitaxel is sufficient to impede mitotic progression by
stabilizing microtubules without inducing polymerization (Derry et al., 1995; Mary Ann Jordan et
al., 1996). The mechanism by which paclitaxel stabilizes microtubules is still a matter of debate;
it is suggested that it stabilizes the microtubule lattice by inducing internal rearrangements of
the tubulin dimer to modulate conformational strain and longitudinal contacts within the
microtubule (Alushin et al., 2014). Paclitaxel is a highly successful MTA clinically and is used to
treat breast and ovarian cancers, non-small cell lung carcinoma, and Kaposi’s sarcoma (Dumontet
& Jordan, 2010; Mary Ann Jordan & Wilson, 2004). Due to the success of paclitaxel and the initial
scarcity of raw material to extract it from, docetaxel was developed as a semi-synthetic
alternative using the European yew (Taxus baccata) (Yared & Tkaczuk, 2012). It found success
clinically treating head and neck, prostate, lung, brain, and stomach cancers. Both paclitaxel and

docetaxel are listed as essential by the WHO (World Health Organization (WHQO), 2019). More
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recently, carbazitaxel, a semi-synthetic drug derived from docetaxel, was approved for
metastatic hormone-resistant prostate cancer (Dumontet & Jordan, 2010; Mary Ann Jordan &

Wilson, 2004; Yared & Tkaczuk, 2012).

In addition to taxanes, the epothilones are another class of MTAs that also bind the taxane
binding site that has achieved clinical success. Epothilones are 16-membered macrolides with
potent antiproliferative effects discovered in the myxobacterium Sporangium cellulosum (Bollag
et al., 1995; Gerth et al., 1996; Hofle et al., 1996). While they also bind the taxane site, they bind
it somewhat differently. Taxanes and epothilones were initially believed to share a common
pharmacophore (Giannakakou et al., 2000). It has been demonstrated that each bind the taxane
binding site differently, but both stabilize microtubules via bridging of the M-loop and helix H7
adjacent to the nucleotide-binding site (Nettles et al., 2004). Epothilones are of particular interest
in cancers that are taxane-resistant. Two mechanisms by which taxane resistance occurs are
mutation of the binding site, and upregulation of the multi-drug resistance gene MDRI1.
Epothilones are not substrates for MDR1 and are insensitive to paclitaxel-resistant mutations.
One epothilone has already completed clinical trials. Ixabepilone is the first and only epothilone
to be approved by the Food and Drug Administration, and is now used to treat paclitaxel-resistant

metastatic breast cancer (Conlin et al., 2007; J. J. Lee & Swain, 2008).

1.2.4 Mechanism of action of microtubule targeting agents in vivo

While the effects of MTAs on microtubule dynamics are well characterized, the
mechanism by which MTAs kills cancer cells in vivo is less well understood. It is believed that by
altering microtubule dynamics during mitosis, MTAs disrupt the mitotic spindle, and unattached
kinetochores activate the SAC. Prolonged mitotic arrest activates downstream apoptotic
machinery, resulting in cell death (Mary Ann Jordan et al., 1991, 1996; T. J. Mitchison, 2012;

Musacchio, 2015; Yamada & Gorbsky, 2006). Although recent research now suggests that MTA-
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induced apoptosis is a far more complex process that we do not understand entirely, and work
exploring the multifaceted effect of paclitaxel highlights this complexity. Paclitaxel accumulates
within cells in vitro, and in vivo, even though it is cleared from the circulation (Mori et al., 2006;
Weaver, 2014). Clinically relevant cellular concentrations of paclitaxel do not induce apoptosis
via the mechanism mentioned above. Rather, clinically relevant paclitaxel concentrations induce
multipolar spindle formation and division in vitro and in vivo. Daughter cells become intolerably
aneuploid and undergo apoptosis (Zasadil et al., 2014). Additionally, approximately 80% of cells
in mice harboring cancer xenografts treated with paclitaxel undergo apoptosis without ever
entering mitosis (T. J. Mitchison, 2012; Orth et al., 2011). It has also been postulated that the
immune system may also be involved. Paclitaxel induces the expression of pro-inflammatory
cytokines, and in patients treated with paclitaxel, leukocyte recruitment correlated with cell
death and better response. However, whether paclitaxel-induced leukocyte recruitment is
actively involved, or merely the clean-up response to remove dead cells is unknown (Demaria et
al., 2001; Javeed et al., 2009; T. J. Mitchison, 2012). Paclitaxel is also capable of directly binding
Bcl-2 to induce apoptosis via the intrinsic apoptotic pathway (Ferlini et al., 2009). While there are
still many unknowns as to how MTAs induce cell death in vivo, they are nonetheless effective in

doing so.

1.2.5 Side effects of microtubule targeting agents

“All things are poison and nothing is without poison; only the dose makes a thing not a
poison” (Paracelsus & Band 2, 1965). Although variations exist between translations, this forms
the basic tenet of pharmacology: the dose makes the poison. As successful as they are, MTAs,
like any drug, are not without side effects. However, MTAs have narrow therapeutic indices (dose
at which toxic effects occur over the therapeutic dose). Side effects range from inconvenient to
severe, restricting the maximum dose administered to patients. Furthermore, MTAs are
administered intravenously, and therefore act systemically without discriminating between
healthy and cancerous cells. MTAs are toxic to rapidly dividing cells found in the bone marrow,

hair follicles, and the gastrointestinal tract. Dose-limiting side effects common to MTAs include
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gastrointestinal distress (nausea, vomiting, diarrhea), alopecia (hair loss), and myelosuppression
(bone marrow suppression resulting in decreased red blood cells, white blood cells, and platelets)

(Mukhtar et al., 2014; Yared & Tkaczuk, 2012).

While MTAs elicit side effects because of their impact on rapidly dividing cells, they are
not the only side effects. MTAs frequently cause peripheral neuropathy, which commonly
manifests as a loss of sensory function, but impaired motor function is also possible. In most
cases, MTA-induced neuropathy is only partially reversible, but is irreversible in severe cases.
Microtubules are essential for healthy neuronal function, but MTAs alter microtubule dynamics.
Both microtubule stabilizers and destabilizers cause peripheral neuropathy, but the mechanisms
are poorly understood. MTAs are reported to alter microtubule flux, demyelinate neurons, cause
axonal atrophy, impair signal responsiveness, and impair neuronal arborization (neuronal end-
branching). Axonal flow may be impaired by abnormal microtubule bundling, as microtubule
destabilizers impair microtubule bundling, and microtubule stabilizers promote excessive
bundling. Additionally, the microtubule stabilizers paclitaxel and ixabepilone impair kinesin-
based (anterograde) axonal transport of mitochondria, but not dynein-based (retrograde)
transport, in cultured human neuronal cells and mouse sciatic neurons. Vincristine also impairs
kinesin-based transport but required significantly higher concentrations (Mary Ann Jordan &
Wilson, 2004; Quasthoff & Hartung, 2002; J. A. Smith et al., 2016). Understanding how MTAs

induce side effects and how to minimize them remains an active field of study.

Many efforts are being made to discover drugs with the same efficacy as MTAs but fewer
side effects. Under the pretense that MTAs exert their antitumoral effect by inhibiting mitosis,
mitotic inhibitors were developed. However, mitotic inhibitors against Eg5, PLK1, and aurora
kinases have demonstrated poor efficacy towards cancer while exhibiting strong
myelosuppressive activity. Their lack of efficacy further suggests that mitosis is likely not the only
target of MTAs in cancer (Komlodi-Pasztor et al., 2011; T. J. Mitchison, 2012). Another approach
to decrease side effects is increasing specificity by targeting the drug to the tumor. Nanoparticle

albumin-bound paclitaxel (Abraxane®) has improved outcomes while eliciting less severe
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neutropenia and slightly lower incidence of sensory neuropathy than paclitaxel. It is already
approved for breast cancer and is undergoing clinical trials for lung, ovarian, and pancreatic
cancers. Other MTA formulations, such as liposomal vincristine, and are under investigation to
overcome dose-limiting toxicities (Dumontet & Jordan, 2010; Yared & Tkaczuk, 2012). While
these methods may one day prove successful at reducing dose-limiting toxicities, another means
to accomplish this is by exploiting genetic vulnerabilities the cancer already possesses to decrease

the dose required to patients.

1.3 Synthetic lethality

Cancer drugs are inherently toxic and do not discriminate between healthy and cancerous
cells, and therefore, have narrow therapeutic indices. To more effectively treat cancer while
minimizing side effects, the therapeutic index must be widened. This is achievable by exploiting
genetic differences between cancerous and healthy cells (Cleeland et al., 2012; Kaelin, 2005;

Reddy & Kaelin, 2002).

In 1922, Calvin Bridges noted when crossing Drosophila melanogaster that mutations in
genes that are non-lethal individually were lethal in combination. However, only in 1946 did
Theodore Dobzhansky describe the phenomenon using the term “synthetic lethality” (Bridges,
1922; Dobzhansky, 1946). Synthetic lethality describes two simultaneous perturbations occurring
in a cell that ultimately leads to cell death. There are two categories of synthetic lethality. The
first is genetic synthetic lethality. Genetic synthetic lethality describes loss-of-function (LOF)
mutations in two non-essential genes simultaneously that results in cell death, whereas
mutations in either of the genes individually results in a viable cell. This is commonly observed
with genes involved in the same cellular process or that have redundant functions. The second
category is chemical synthetic lethality. There are two types of chemical synthetic lethality based
on the combination of interactions present, and in which drug treatment induces a LOF
phenotype. The first is a gene-drug interaction, in which the combination of a LOF mutation and

a sublethal dose of a drug (as all drugs are lethal with a high enough dose) is lethal. In this case,
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the LOF mutation sensitizes the cell to a lower dose of the drug, whereas a cell harboring the
wild-type (WT) allele would remain viable. The second is a drug-drug interaction. In this case, the
simultaneous inhibition of two pathways via two sublethal drug treatments induces cell death

(Dhanjal et al., 2017; Kaelin, 2005; Nijman, 2011).

The first (and so far, best) example of drugs exploiting pre-existing mutations in cancer is
the discovery of poly-(ADP-ribose) polymerase (PARP) inhibitors for the treatment of cancers
harboring breast cancer type 1 (BRCA1) and breast cancer type 2 (BRCA2) mutations. BRCA1 and
BRCA2 are genes involved in DNA DSB repair. BRCA1 and BRCA2 mutations increase the risk of
developing cancer and are frequently found in familial breast and ovarian cancers. Sites of DNA
single-strand breaks (SSB) recruit PARP1/2 to PARylate other proteins and signal DNA repair
machinery recruitment. The SSB is then repaired via base excision repair; however, PARP
inhibition results in the formation of a DSB. Cancer cells lacking functional BRCA1 and BRCA2 are
incapable of repairing these newly formed DSBs. When treated with PARPi, they undergo cell
cycle arrest and cell death. Healthy cells are spared because they are heterozygous for BRCA1/2,
and therefore have functional DNA repair machinery. Olaparib was the first PARPi approved to
treat BRCA-mutated ovarian cancers, but the class has since expanded with several PARPi gaining
approval. Another PARPI, talazoparib, recently gained approval for BRCA-mutated breast cancer.
Clinical trials using PARPi to treat other cancers, such as prostate and pancreatic cancer, are
ongoing (Drew, 2015; Exman et al., 2019; Farmer et al., 2005; Lord & Ashworth, 2017). So, while
it is feasible to exploit naturally occurring mutations to treat cancer while sparing healthy cells,

these vulnerabilities need to be identified first.
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Figure 7. Overview of synthetic lethality. Synthetic lethality occurs upon the simultaneous
perturbation of two cellular events, resulting in cell death. (A) Genetic synthetic lethality. A LOF
mutation in one gene alone still results in a viable cell, but the simultaneous loss of another gene
results in cell death. (B-C) Chemical synthetic lethality occurs in two ways. (B) The first is the result
of a gene-drug interaction. A LOF mutation sensitizes a cell to a sublethal dose of a drug. (C) The
second form of chemical synthetic lethality is a drug-drug interaction. The sublethal treatment of
two different drugs separately results in viable cells. The combination of both drugs results in
synthetic lethality, with the sublethal dose of one drug sensitizing the cell to sublethal dose of a

second drug.

1.3.1 High throughput screening

The concept of drug screening is not new. In the early 1900s, Paul Ehrlich systematically
screened hundreds of compounds to find a “magic bullet” against Treponema pallidum, the
pathogen responsible for syphilis. His discovery of arsphenamine not only revolutionized syphilis
treatment, but also the drug discovery process (Ehrlich, 1911; Wuster & Madan Babu, 2008).
However, his work was very low throughput. As technology progressed, so did the screening
process. High throughput screening has been around since the 1980s, but without the technology
to silence or edit genes, it was limited to screening chemical libraries and different cell lines
(Dhanjal et al., 2017; Pereira & Williams, 2007). The discovery of RNA interference (RNAI)
technology provided scientists with a method to silence gene expression that was amenable to
high throughput screening to probe gene-gene and gene-drug interactions (Nijman, 2011). First,

Dicer cleaves long double-stranded RNA into short interfering RNA. The RNA-induced silencing
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complex (RISC) then uses the newly formed siRNA to silence genes by guiding the sequence-
specific degradation of the complementary RNA transcript and repressing translation, thereby
inhibiting translation without directly editing the genome (Pratt & MacRae, 2009; Stewart et al.,
2003). However, there are disadvantages such as incomplete and temporary target knockdown
and off-target effects due to the binding and destruction of other mRNAs. These challenges were
partially overcome with the discovery of the CRISPR/Cas9 system (Dhanjal et al., 2017; A. Lin et
al., 2019; Shalem et al., 2015).

1.3.2 CRISPR/Cas9

Discovered as part of adaptive bacterial immunity (Jinek et al., 2012), the clustered
regularly interspaced short palindromic repeats (CRISPR) and the CRISPR associated nuclease
Cas9 system has allowed for specific, efficient, stable, and simple genome editing. Cas9 edits the
genome by generating a DSB at a targeted site, which is repaired via non-homologous end-
joining. This generates random insertion or deletion (indel) mutations that frequently cause
frameshifts in the coding sequence. Gene expression ceases because of early stop codons or
unstable mRNA transcripts. Cas9 uses a single guide RNA (sgRNA) that is specific to a 20-
nucleotide sequence region of the genome and is flanked by a 3-nucleotide protospacer adjacent
motif (PAM). Streptococcus pyogenes Cas9 is the most commonly used in human cells because
its PAM sequence, 5’-NGG, is frequently found in the human genome (Ran et al., 2013; Shalem
et al., 2015). By generating a genome-wide library of sgRNAs contained within a lentiviral vector,
it is possible to probe the entire genome with unprecedented ease, prompting its rapid
adaptation to large-scale functional genomic knockout and synthetic lethal screens. Pooled
formats are preferred for large-scale projects because they are much cheaper and less labor-
intensive than arrayed formats; however, they have drawbacks as well. Because they are
performed at the population level, rare phenotypes are more likely to be missed, and phenotypes
must be validated individually. They have nonetheless proven invaluable in deciphering gene-
phenotype relationships (Agrotis & Ketteler, 2015; Kim et al., 2018; Koike-Yusa et al., 2014;
Shalem et al., 2015; T. Wang et al., 2014).
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1.3.3 Genome-wide chemogenomic screen

Recently, the Tyers laboratory at IRIC published the results of a genome-wide CRISPR/Cas9
screen evaluating gene essentiality in the pre-B acute lymphocytic leukemia line NALM®6
(Bertomeu et al., 2017). NALMG6 cells were used because they are (i) suspension cells, facilitating
their use in high throughput screening, (ii) are p53 WT (Davies et al., 2011), and (iii) are
pseudodiploid (Bertomeu et al., 2017; Ghandi et al., 2019). By using a cell line that is
pseudodiploid, gene copy number variation does not need to be taken into consideration, as
using cell lines with genomic amplifications are more sensitive to CRISPR/Cas9 cutting toxicity,
resulting in false positives (Aguirre et al., 2016; Meyers et al., 2017). In collaboration and using
the same genome-wide knockout library of doxycycline-inducible Cas9 NALM®6 cells, we
performed a pooled genetic screen to identify synthetic lethal combinations using a library of
antiproliferative drugs, including several MTAs (Fig. 8). All MTAs included in the screen target the
three main binding sites on tubulin, and the majority are used clinically. Enrichment or depletion
of sgRNAs from the pool was measured using lllumina® next-generation sequencing after 8 days
of sublethal MTA treatment. From this, hits were narrowed to those exhibiting bias towards
MTAs, and further narrowed down to five genes exhibiting synthetic lethality with MTAs for

validation.

Scoring scheme

drugs
Synthetic
lethal

Synthetic
rescue

# of sgRNAs

Selection & @ Sublethal dose
Cas9 Induction of MT targeting

PR
OO

# of reads for sgRNA X treated with IVITA)

Transduction with whole-genome Single gene knockout Enrichment/depletion Lng(

lentivirus SRNA library from pool # of reads for sgRNA X untreated

Figure 8. Overview of the synthetic lethal screen. Doxycycline-inducible Cas9 NALM6 cells were
transduced with pooled lentivirus containing the extended knockout library of sgRNAs at a
multiplicity of infection of ~0.5, followed by selection, Cas9 induction, and treatment with either
DMSO or sublethal doses of MTAs for 8 days. Enrichment or depletion from the pool was
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determined by measuring changes in sgRNA frequencies between treated and untreated pools
using next-generation sequencing. The screen and hit scoring were performed by the Tyers
laboratory.

1.3.4 Selected targets

1.3.4.1 QRICH1

Glutamine Rich 1 (QRICH1) emerged as the hit with the most synthetic lethal
combinations with MTAs from the screen. QRICH1 has three domains: the caspase activation
recruitment (CARD) domain, a glutamine-rich domain, and domain of unknown function 3504
(DUF3504) (Ververi et al., 2018). DUF3504 is suggested to be reminiscent of a yeast crypton using
tyrosine recombinase that lost its catalytic ability, but may still bind DNA to regulate gene
transcription (Kojima & Jurka, 2011; Lui et al., 2019). To date, QRICH1 has no known functions;
however, LOF mutations appear to cause neurodevelopmental delay, and chondrodysplasia
causing abnormal growth plate morphology and reduced linear growth (Lui et al., 2019; McRae
et al., 2017; Ververi et al., 2018). Additionally, the presence of a CARD domain suggests a role in
apoptosis and/or inflammation (Bouchier-Hayes & Martin, 2002). QRICH1 is expressed in all
tissues (Fagerberg et al., 2014), and LOF mutations are found in various cancers (Lawrence et al.,

2014).

1.3.4.2 GNA13

GNA13 (G protein subunit alpha 13) is a Ga protein of the G12/13 family that signals
through a variety of G-protein coupled receptors (GPCRs) in conjunction with the 3y heterodimer.
Upon ligand binding and receptor activation, the Go. undergoes a conformational change and
exchanges GDP for GTP. The Ga subunit then dissociates from the Py subunit to signal
downstream effectors, usually guanine exchange factors (GEFs). Of GNA13’s signaling pathways,

the GNA13-GEF-RhoA signaling pathway is the best characterized. GNA13 is expressed in nearly
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all tissues in humans (Fagerberg et al., 2014; Spicher et al., 1994) and is implicated in a number
of cellular processes such as actin cytoskeleton reorganization, gene transcription, cell migration
and invasion, cell growth and proliferation, and cellular transformation (Bar-Shavit et al., 2016;
Engel et al., 2008; Juneja & Casey, 2009; Kelly et al., 2007; Suzuki et al., 2009; Syrovatkina et al.,
2016; Syrovatkina & Huang, 2019; Tan et al., 2006). GNA13 is upregulated in many solid tumors
where it acts as an oncogene, including breast (Kelly et al., 2006; S. A. Rasheed et al., 2015; Teo
et al., 2016), prostate (S A K Rasheed et al., 2013), gastric (Jia Xing Zhang et al., 2016), colorectal
(J. X. Zhang et al., 2014; Z. Zhang et al., 2018), pancreatic (Gardner et al., 2013; Hu et al., 2015),
liver (Xu et al., 2016), and head and neck cancer, where it also promotes resistance to multiple

cancer drugs (Suhail Ahmed Kabeer Rasheed et al., 2018).

In contrast to solid cancers, GNA13 acts as a tumor suppressor in two specific subtypes of
germinal center B-cell ymphomas: germinal center diffuse large B-cell ymphoma (GC DLBCL) and
Burkitt lymphoma. GNA13 is one of the most frequently mutated genes in GC DLBCL and Burkitt
lymphoma, with LOF mutations found in 15-30% of cases (Lawrence et al., 2014; Lohr et al., 2012;
Love et al., 2012; J. Zhang et al., 2013). LOF mutations in GNA13 in germinal B cells impairs affinity
selection after somatic hypermutation of the immunoglobulin genes, promotes cell survival,
proliferation, and prevents restriction to the germinal center of secondary lymphoid tissues via
the lack of inhibition of the AKT pathway by RhoA (Healy et al., 2016; Muppidi et al., 2014;
O’Hayre et al., 2016).

1.4.3.3 SEPHS1

Selenophosphatase synthetase 1 (SEPHS1, also known as: selenide, water dikinase 1) is
an enzyme involved in the selenocysteine biosynthesis pathway. The exact role for SEPHS1 in
this pathway is unknown, but it is presently believed to be involved in selenium recycling and
not de novo selenophosphate synthesis (for which SEPHS2 is responsible) (Oudouhou et al.,
2017; Tamura et al., 2004). Selenium is required in trace amounts to maintain proper

physiological functions. Selenophosphate is required for the production of selenocysteine,

32



which is incorporated into selenoproteins. Most notable are the glutathione peroxidases and
thioredoxin reductases, proteins involved in redox homeostasis (Labunskyy et al., 2014).
SEPHS1 knockout cells demonstrate decreased levels of proteins responsible for redox
metabolism and are more sensitive to oxidative stress, suggesting SEPHS1 is involved redox
homeostasis (M. O. Lee & Cho, 2019; Morey et al., 2003; Tobe et al., 2016). SEPHS1 expression
is upregulated in rapidly dividing cells, such as Drosophila melanogaster embryos (Alsina et al.,
1998), human oocytes, and embryonic stem cells (Assou et al., 2009; M. O. Lee & Cho, 2019),
while SEPHS1 knockout is embryonic lethal in Drosophila melanogaster and mice (Alsina et al.,
1998; Tobe et al., 2016). SEPHS1 may be required to modulate oxidative stress in cancer cells,
as it is upregulated in a variety of cancers and suggested to have a role in rectal carcinogenesis
(S. Y. Choi et al., 2011; Fagerberg et al., 2014; Gorrini et al., 2013). SEPHS1 mutations are found

in various cancers but are not associated with any specific cancer type (Lawrence et al., 2014).

1.4.3.4 TACC3

Transforming acidic coiled-coil containing protein 3 (TACC3) is a MAP that regulates
microtubule dynamics and mitotic spindle assembly downstream of Aurora A phosphorylation
(Lioutas & Vernos, 2013). TACC3 promotes centrosomal microtubule nucleation by stabilizing y-
TuRC assembly (Singh et al.,, 2014) and acentrosomal microtubule nucleation near the
kinetochores to facilitate chromosome-mediated k-fibre formation (Fu et al., 2013). TACC3 is
recruited to the spindle and forms a complex with the clathrin heavy chain (CHC) and ch-TOG to
stabilize k-fibres by forming inter-microtubule bridges (Booth et al., 2011). Depletion of TACC3
results in abnormal spindle assembly, microtubule destabilization, and chromosome
misalignment (Fu et al.,, 2010, 2013; C. H. Lin et al., 2010; Leonid Schneider et al., 2007).
Upregulation has been observed in several cancers and is associated with poorer prognosis in
soft tissue sarcoma (Matsuda et al., 2017), prostate cancer (Li et al., 2017), cholangiocarcinoma
(He et al., 2016), colorectal (Du et al., 2016), esophageal squamous cell carcinoma (Huang et al.,
2015), osteosarcoma (Matsuda et al., 2018). TACC3 mutations are found in various cancers but

not associated with any specific cancer type (Lawrence et al., 2014).

33



1.4.3.5 DLGAPS

Disks large-associated protein 5 (DLGAP5; also known as discs large homolog 7 (DLG7);
hepatoma upregulated protein, HURP) is a MAP frequently upregulated in hepatocellular
carcinoma (hence the name) (Liao et al., 2013). DLGAPS stabilizes microtubules and promotes
microtubule bundling both in vitro and in vivo (Santarella et al., 2007; Wong & Fang, 2006). During
mitosis, it localizes to microtubules in proximity to kinetochores in a RAN-GTP dependent
gradient and is involved in proper chromosome congression at the metaphase plate. DLGAPS is
reported to directly interact with TACC3 to form stable lateral kinetochore attachments in
prometaphase (Y. Zhang et al., 2018), and is also involved in centrosome clustering in mouse
oocytes and human cancer cells with supernumerary centrosomes (Breuer et al., 2010). DLGAP5
depletion decreases interkinetochore tension and k-fibre stability, impairing chromosome
alignment along the spindle equator (Silljé et al., 2006; Wong & Fang, 2006), and impairs cell
migration in colorectal, lung, and liver cancer cell lines (Branchi et al., 2019; Liao et al., 2013; Q.
Wang et al., 2018). DLGAPS5 upregulation has been reported in prostate (Gomez et al., 2013), lung
(Q. Wang et al., 2018), and colorectal cancers (Branchi et al., 2019) and is associated with worse
clinical outcome. DLGAP5 mutations are found in various cancers but are not associated with any

specific cancer type (Lawrence et al., 2014).
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Rational & hypothesis

Microtubules are essential in many cellular processes and have proven to be a successful target
in cancer treatment using MTAs. As successful as MTAs are, their use is severely restricted by
their narrow therapeutic index. Efforts to decrease dose-related side effects are already
underway but so far have yielded limited improvements. Synthetic lethality occurs when the
simultaneous perturbation of two cellular events results in cell death; therefore, exploiting
existing mutations within cancer makes it possible to use a lower dose to elicit the same
therapeutic effect. This concept has already proven successful clinically with PARPi to treat
BRCA1/2 mutated cancers. However, these vulnerabilities must be elucidated from the
thousands of genes within the human genome. High throughput screening, combined with
genome-editing technologies, has dramatically accelerated the identification of these synthetic
lethal relationships. A pooled synthetic lethal chemogenomic screen performed in collaboration
with the Tyers lab identified dozens of hits demonstrating bias towards MTAs in NALM®6 cells.
Of them, five were selected for validation to confirm they are indeed true hits, and if they hold
in other cell lines. If the selected targets are true synthetic lethal hits, then individual gene
knockouts will exhibit increased sensitivity towards MTAs. Because these hits were obtained
with MTAs, we also hypothesize the knockout may affect mitosis. Using U20S cells, another
cancerous cell line that is also ideal for microscopy, the hits will be evaluated for cell-type
dependency and any effect on mitosis can be observed. This project aims to uncover novel
synthetic lethal combinations with MTAs that may be exploited in the future to treat cancer

with lower doses of MTAs to decrease side effects while maintaining efficacy.

Objectives

1. Validate synthetic lethal hits of interest using individual gene knockouts in NALMG6 cells.
2. Validate synthetic lethal hits using individual gene knockouts in U20S cells.

3. Observe the effect of the knockout on mitosis in U20S cells.
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Chapter 2 - Methods & materials

2.1 Cell culture

NALM®6 cell lines were cultured in Roswell Park Memorial Institute 1640 media (RPMI
1640; Wisent 350-000CL) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(Wisent) and 1% penicillin-streptomycin (Gibco 15140-122). HEK293T, U20S, and RPE1 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Wisent 319-005-CL) supplemented with
10% heat-inactivated FBS (Wisent) and 1% penicillin-streptomycin (Gibco 15140-122). All cell
lines were cultured at 37°C and 5% CO,. U20S and RPE1 cells stably express enhanced green
fluorescent protein-tagged histone 2B (H2B-eGFP) and red fluorescent protein-tagged a-tubulin
(a-tubulin-RFP).

2.2 Lentivirus production and transduction

Knockout lines were generated using CRISPR-Cas9 gene-editing technology. SgRNAs
designed by the Tyers lab (Appendix Il) were cloned into lentiCRIPSR V2 (a gift from Feng Zhang
via the Addgene repository, Addgene #52961) (Sanjana et al., 2014). HEK293T cells were
transfected with 0.375ug of both packaging plasmids pRSV-Rev (Addgene #12253) and
pPMDLG/pRRE (Addgene #12251) (Dull et al., 1998), 0.75ug of the envelope plasmid pCMV-VSV-
G (Addgene #8454) (Stewart et al., 2003), and 1.5ug of the lentiCRIPSR V2-SgRNA construct using
9uL of TransIT®-LT1 Transfection Reagent (Mirus, MIR 2300). The media was replaced with fresh,
complete DMEM 18 hours post-transfection. Viral supernatant was harvested 48 hours post-
transfection and filtered through a 0.45um filter. 1mL of lentivirus was incubated with 4pug of
polybrene (Sigma-Aldrich, TR-1003-G at room) temperature for 20 minutes and added to cells
containing 3mL of complete media. The supernatant was removed 18 hours post-transduction,
and the cells were expanded for 48 hours before selection with complete media containing

2ug/mL (NALM6, U20S) or 10 pg/mL (RPE1) puromycin (Wisent). Genomic DNA was extracted 6
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days post-selection using DNAzol (Invitrogen 10503027). Exons targeted by sgRNAs were
amplified by polymerase chain reaction (PCR) and sequenced by Sanger sequencing. Three
sgRNAs were evaluated per target in U20S cells (QRICH1, GNA13, SEPHS1) or NALM®6 cells
(TACC3, DLGAPS5). Knockout efficiency was evaluated by TIDE (tracking of indels by
decomposition) analysis using the freely available online webtool (https://tide.deskgen.com)
(Brinkman et al., 2014). Chromatograms were generated using SeqMan Pro (DNASTAR, Madison,
WI1). The sgRNAs with the highest knockout efficiency were used to generate knockouts in other
cell lines. Clonal lines were generated from knockout populations, and knockout efficiency

validated the same way.

2.3 Preparation of cell lysates and immunoblots

Cells were collected and washed once with cold phosphate-buffered saline. Cells were
then lysed with lysis buffer containing 150mM NaOH, 10mM tris pH 7.5, 0.1% sodium dodecyl
sulfate, 0.1% Triton X, 1mM dithiothreitol, and 10ug/mL of protease inhibitors leupeptin,
pepstatin A, chymostatin. Samples were immediately homogenized by passing the lysates
through a 21-gauge syringe 25 times. Lysates were centrifuged at 13.2k rpm for 15 minutes at
4°C. The supernatants were collected and boiled with Laemmli buffer at 85°C for 5 minutes.
Protein concentration was determined using the bicinchoninic acid protein assay kit as described
except suggested volumes were halved (Sigma Aldrich, BCA1 & B9643). 10ug of total lysate were
resolved by SDS-PAGE on 10% polyacrylamide. Proteins were transferred to Immobilon-P
polyvinylidene fluoride membrane (Millipore IPVH00010). The membrane was blocked in tris-
buffered saline containing 0.1% Tween-20 and 5% (w/v) milk protein for 2 hours at room
temperature. Once blocked, the membrane was incubated with antibody diluted in tris-buffered
saline containing 0.1% Tween-20 containing 5% milk protein, 0.02% sodium azide, and primary
antibody at room temperature for one hour. The membranes were then washed in tris-buffered
saline containing 0.1% Tween-20, and incubated with secondary antibody for one hour at room
temperature. Signals were revealed using Amersham ECL Start western blotting detection

reagent (GE Healthcare RPN3243) and Amersham Hyperfilm ECL (GE Healthcare 28906839).
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Antibodies and respective dilutions used: rabbit anti-GNA13, 1:2000 (Abcam ab128900); rabbit
anti-KIF2C, 1:20000 (Abcam ab187652); DM1 mouse monoclonal anti-a-tubulin, 1:50000
(Thermo Fisher 62204); HRP-conjugated goat anti-rabbit IgG H&L, 1:10000 (Abcam 6721) or HRP-
conjugated goat anti-mouse IgG H&L, 1:10000 (Abcam 6789).

2.4 Viability assays

The alamarBlue® cell viability assay was used to measure ICso. Optimum seeding density
was predetermined for each cell line, and cells were seeded in triplicate in solid black, flat-bottom
96-well plates (Costar). NALMG6 cells were seeded and treated the same day. Adherent cell lines
were seeded and treated the following day. Cells were treated for 72 hours with either 0.1%
DMSO alone, or titrated docetaxel or vincristine and constant 0.1% DMSO (final volume 200p.L).
20uL 0.1% (wt/v) resazurin (Sigma Aldrich R7017-5G) in 0.9x PBS (Wisent) was added, and plates
incubated for 4 hours at 37°C, 5% CO.,. Fluorescence was measured using an Infinite 200 plate
reader (Tecan Group Ltd., Switzerland) using the following conditions: excitation: 530nm;
emission: 580nm: gain: 65; height: 22000um. The same assay was used to measure proliferation
under the same conditions. Cells were seeded at optimal seeding density in triplicate and
measured each day for 5 days. Day 1 for NALMG6 cells refers to the same day as seeding, while
day 1 for adherent cells refers to the day following seeding. Results were exported into Microsoft
Excel (Redmond, WA) and plotted using KaleidaGraph (Synergy Software, Reading, PA). Student’s

t-tests were performed in Microsoft Excel.

2.5 Confocal time-lapse microscopy

U20S and RPE1 cells were seeded on 35mm four-compartment imaging dishes (lbidi
80416) 1-3 days before imaging. Overnight live cell imaging was performed using a Zeiss spinning
disk confocal microscope Axio Observer system with a 40X Plan-Apochromat/1.4 oil objective
(Zeiss, Oberkochen, Germany), at 37°C, 5% CO,. Images were acquired at 2um intervals over an

18um range (10 stacks), at 10-minute intervals. For experiments involving UMK57 treatment,
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cells were treated with 150nM UMK57 or 0.15% DMSO alone and immediately imaged overnight
under the same conditions. Image processing was performed using Zen Blue Software (Zeiss).
Images represent maximum-intensity projections of z-stacks. Student’s two-tailed t-tests
performed in Microsoft Excel (Redmond, WA). Fisher’s exact two-tailed tests performed in
Matlab (Natick, MA). 2x3 Fisher’s exact two-tailed tests performed in Matlab using a script
created by Giuseppe Cardillo and published on GitHub (Cardillo, 2007).

2.6 Cell fixation and confocal microscopy

U20S cells were grown on 18mm? glass coverslips for 2-3 days to ~75% confluency.
Mitotic cells were accumulated by treating them with 5uM S-trityl-L-cysteine (STLC) for 4 hours.
Cells were gently washed twice with 1x PBS (Wisent) and once with complete DMEM. Cells were
fixed in methanol at -20°C for 6 minutes and washed twice with 37°C 1x PBS (Wisent). Coverslips
were mounted on glass slides using mounting media containing Antifade and 4’,6-diamidino-2-
phenylindole (DAPI; Vector Shield H-1200), and sealed with clear, quick-dry nail polish. Slides
were imaged using a Zeiss LSM880 AxioObserver system with a 40X EC Plan-Neofluar/1.3 oil
objective and Zen Black software (Zeiss, Oberkochen, Germany). Images were acquired at 1um
intervals covering a range of 18-20um. Image processing was performed using Zen Blue software
(Zeiss). Images represent maximum-intensity projections of z-stacks. Fisher’s exact two-tailed
test performed in Matlab (Natick, MA). 2x3 Fisher’s exact two-tailed test performed in Matlab

using a script created by Giuseppe Cardillo and published on GitHub (Cardillo, 2007).
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Chapter 3 — Results

3.1 Validation of synthetic lethal hits in NALM6 Cells

In order to validate the hits from the screen, clonal knockout lines were generated. Clonal
lines are advantageous in that the knockout is stable. The freely available webtool TIDE
(https://tide.deskgen.com) is capable of accurately estimating knockout efficiency off indel
formation and was therefore used to assess the knockout clones generated (Brinkman et al.,
2014). Clones with a knockout efficiency >90% and with only 1 or 2 indels (determined by TIDE)
were deemed to be complete knockout clones. In NALM6 cells, several unique clones were
confirmed by TIDE for GNA13, SEPHS1, and DLGAPS. Three were used to validate the hits with
MTAs (Fig. 9). Several clones were validated for QRICH1 and TACC3; however, indel distribution
and sequencing revealed that the clones were identical. Therefore, only one clone of each

QRICH1 and TACC3 was included in the viability assays (Fig. 9).

To measure any changes in sensitivity towards MTA treatment, the alamarBlue® cell
viability assay, a non-toxic assay commonly used to measure drug sensitivity, was used
(Rampersad, 2012). Hits were validated with one microtubule stabilizer, docetaxel, and one
microtubule destabilizer, vincristine. We expect that the knockout lines will be more sensitize
cells to MTA treatment than the empty vector control (hereinafter referred to as control). We
tested the response to 3 days of MTA treatment by measuring the change in ICso values. Cell
viability was assessed as a measure of viable cells treated with docetaxel or vincristine as a
percentage of the DMSO treated cells. The results are summarized in Figure 10 and Table 1. WT
cells were included and compared against the control to verify that lentiviral transduction and
the expression of the Cas9 containing vector alone does not alter the response towards MTA
treatment. There is little difference in ICso between the WT and the control for both docetaxel
and vincristine (Fig. 10A-B, Table 2), confirming that the approach used did not alter the results

obtained when validating the hits.
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Figure 9. Chromatograms of NALM6 knockout clones. Genomic DNA was purified from the
indicated NALMBG6 line, the targeted exon amplified by PCR, and sequenced by Sanger sequencing.
Knockout efficiency was measured as the percent of indel formation against the respective WT
sequence using TIDE. The highlighted region indicates the 20-nucleotide sequence recognized by
the sgRNA. Note: all DLGAP5 knockout clones were generated with the same sgRNA, but clone 3
was sequenced with the reverse primer.

The majority of hits assayed demonstrated increased sensitivity to docetaxel treatment
as measured by a decrease in ICsp compared to control cells. Two of the hits, QRICH1 and TACC3,
did not significantly alter the response to docetaxel treatment, but QRICH1 knockout did increase
sensitivity and approached significance (Fig. 10C-D, Table 1). Three hits, GNA13, SEPHS1, and
DLGAPS5, did exhibit significant overall increases sensitivity towards docetaxel (Fig. 10E-G, Table
1). However, the response to docetaxel treatment was not uniform between clones. Only two of
three clones demonstrated a significant increase in sensitivity towards docetaxel, although the

clones that did not exhibit a significant change in sensitivity did exhibit some change to varying
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degrees. GNA13 clone 2 exhibited a minor increase in sensitivity, while SEPHS1 clone 1 and

DLGAPS clone 3 exhibited more moderate increases (Fig 10E-G, Table 1).

Fewer hits demonstrated increased sensitivity to vincristine than docetaxel. QRICH1
knockout elicited one of the most substantial increases observed, while TACC3 knockout elicited
an increase in sensitivity that approached significance (Fig. 10H-I, Table 1). Although minor
changes in sensitivity were observed, GNA13 knockout did not elicit any significant change overall
(Fig. 10J, Table 1). SEPHS1 knockout clones exhibited mixed results. Clones 1 and 3 displayed
minor but insignificant changes in sensitivity, while clone 2 a significant increase in sensitivity.
The overall result was insignificant (Fig. 10K, Table 1). DLGAPS5 elicited the most substantial
overall change in ICso, although results varied between clones. Clone 1 exhibited a significant
increase in sensitivity, clone 2 approached significance, and Clone 3, although not significant, did

exhibit a modest increase in sensitivity (Fig. 10J, Table 1).
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Figure 10. Mean ICso values of NALM6 lines treated with docetaxel or vincristine. Mean 1Cso
values obtained for WT and control cells with (A) docetaxel and (B) vincristine. (C-G) Mean
docetaxel 1Cso values of knockout clones for (C) QRICH1, (D) TACC3, (E) GNA13, (F) SEPHS1, (G)
DLGAPS. (H-L) Mean vincristine ICso values of knockout clones for (H) QRICH1, (1) TACC3, (J)
GNA13, (K) SEPHS1, and (L) DLGAPS. Error bars represent the SEM of at least three independent
experiments. n.s., p>0.10; *p<0.05; **p<0.01, using Student’s t-test.

Drug Line ICs0 (NM) Sensitivity fold change against control

Control 0.3940.08 1.00
WT 0.44+0.15 0.90
QRICH1 Clone 1 0.25+0.03 1.56
TACC3 Clone 1 0.38%+0.16 1.02
Clone 1 0.13+0.04 3.11
Clone 2 0.3340.07 1.18

GNA13
Clone 3 0.1740.03 2.26
Average 0.21+0.06 1.86

Docetaxel

Clone 1 0.26%0.05 1.48
Clone 2 0.1340.03 2.97

SEPHS1
Clone 3 0.18+0.07 2.15
Average 0.19+0.05 2.03
Clone 1 0.1240.03 3.25
Clone 2 0.10+0.03 3.80

DLGAPS
Clone 3 0.24+0.18 1.66
Average 0.15+0.09 2.56
Control 0.59+0.07 1.00
WT 0.53+0.10 1.10
Vincristine QRICH1 Clone 1 0.35+0.05 1.70
TACC3 Clone 1 0.3840.08 1.54
GNA13 Clone 1 0.45+0.12 1.30
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Clone 2 0.45%0.08 1.32
Clone 3 0.5040.13 1.18
Average 0.46%0.06 1.27
Clone 1 0.53+0.11 1.12
Clone 2 0.35%0.06 1.67
SEPHS1
Clone 3 0.41+0.14 1.42
Average 0.43+0.07 1.36
Clone 1 0.30%0.07 1.94
Clone 2 0.3440.08 1.74
DLGAPS5
Clone 3 0.3840.11 1.56
Average 0.34+0.05 1.73

Table 1. Mean ICso values and fold-change in sensitivity of NALMG6 lines treated with docetaxel
or vincristine. Mean ICso values + SEM of at least three independent experiments. Fold change
was calculated as an increase in sensitivity compared to the control.

3.2 Validation of synthetic lethal hits in U20S Cells

Although several hits exhibited significant shifts in ICso towards MTAs, determining if
these hits are dependent on cellular context remains to be determined. U20S cells were chosen
because they are another cancer cell line that is also ideal for microscopy experiments because
they are flat. Fewer clones were assayed because fewer were confirmed by TIDE analysis. Two
knockout clones were confirmed for both GNA13 and DLGAPS5, while only one was confirmed for
both SEPHS1 and TACC3 (Fig. 11). After multiple attempts, | was ultimately unsuccessful at
generating any QRICH1 knockout clones in U20S cells. Hits were only assayed with docetaxel in
U20S cells because the hits for which | have knockouts exhibited increased sensitivity in NALM6
cells, with the exception of TACC3. However, TACC3 was included because synthetic lethality has

been reported with paclitaxel in Hela cells (Schmidt et al., 2010; L. Schneider et al., 2008).
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CCCGGGCCCCCATGGCAGC CCAAGGAARCAAGGGT CRGGARACTTGAARTTGGACATTCCAGANGGNNANN
a.2 86.7% Cl.2 95.6%

CCCGGGCCCCCATGGCAGCCCAAGG ANGAGNN NG N CAGGAARACTTGAATTGGACATTCNANANNNGNHNARN

Figure 11. Chromatograms of U20S knockout clones. Genomic DNA was purified from the
indicated U20S line, and the targeted exon amplified by PCR. Knockout efficiency was measured
as the percent of indel formation against the respective WT sequence using TIDE analysis. The
highlighted region indicates the 20-nucleotide sequence recognized by the sgRNA.

The alamarBlue® viability assay was again used to validate the hits with docetaxel.
Statistical tests were performed against the WT, which had a very similar ICsp to the control but
smaller SEM (Fig. 12A). The results are summarized in Figure 12 and Table 2. Fewer hits
demonstrated increased sensitivity towards docetaxel in U20S cells. SEPHS1 exhibited little
change in sensitivity, while TACC3 exhibited a more modest but still insignificant increase in
sensitivity (Fig. 12B-C, Table 2). Similarly, GNA13 knockout clones were not significantly more
sensitive towards docetaxel, but there was variation in the response between the two clones.
Clone 1 exhibited almost no change in sensitivity compared to WT cells, while clone 2 exhibited
a moderate increase in sensitivity (Fig. 12D, Table 2). Of the lines assayed, DLGAP5 knockout
clones exhibited most substantial shifts in ICso. Clone 1 exhibited a near significant increase in
sensitivity to docetaxel compared to WT cells, while clone 2 exhibited a significant increase in

sensitivity. The average of the two clones also approached significance (Fig. 12E, Table 2).
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Figure 12. Mean ICso values of U20S lines treated with docetaxel. Mean ICsg values obtained for
docetaxel in U20S cells using the alamarBlue® viability assay. (A) ICso values obtained for WT and
control cells. (B-E) ICso values obtained for (B) SEPHS1 clone 1, (C) TACC3 clone 1, (D) GNA13
clones 1-2, and (E) DLGAPS clones 1-2. Error bars represent the SEM of at least three independent
experiments. n.s., p>0.10; *p<0.05, using Student’s t-test.

Line ICs0 (NM) Sensitivity fold change against WT
WT 0.98+0.14 1.00
Control 1.04+0.30 0.95
SEPHS1 Clone 1 0.83+0.22 1.18
TACC3 Clone 1 0.66+0.03 1.48
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Clone 1 0.91+0.22 1.08
GNA13 Clone 2 0.6210.16 1.59
Average 0.77£0.15 1.28
Clone 1 0.58+0.06 1.68
DLGAPS Clone 2 0.4710.06 2.11
Average 0.52+0.05 1.87

Table 2. Mean ICso values and fold-change in sensitivity of U20S lines treated with docetaxel.
Mean ICso values = SEM of at least three independent experiments. Fold change was calculated
as an increase in sensitivity compared to the WT.

3.3 Validation of GNA13 Knockout in NALM®6 and U20S Cells

Of the hits validated, GNA13 emerged as particularly interesting for two reasons. First,
GNA13 knockout sensitized NALM6 cells to docetaxel, but not vincristine. This is intriguing
because GNA13 is frequently mutated in germinal center lymphomas, for which vincristine is
commonly used to treat patients. Secondly, GNA13 knockout was observed to increase CIN in
U20S and RPE1 cells (discussed in the following chapters). Clones verified by TIDE analysis were
assumed to be complete knockouts, but this remained to be confirmed using additional methods.
First, protein expression was assessed by immunoblot. Immunoblots for NALM6 and U20S lines
revealed that all clones are indeed complete knockouts (Fig. 13A, C). Second, proliferation was
used as a readout for GNA13 knockout. Since GNA13 acts as an oncogene and is involved in the
proliferation of solid cancers (Kelly et al., 2007), we expected that U20S GNA13 knockout clones
would proliferate more slowly. Conversely, we expected that NALM6 GNA13 knockout clones
would proliferate more quickly because of its function as a tumor suppressor in germinal center
B-cells (Muppidi et al., 2014). This was easily assessed using the alamarBlue® viability assay. Cells
were seeded at predetermined optimal densities, and readings were taken each day for five days.
Results were plotted relative to the first day. GNA13 knockout did not affect proliferation in
NALMBG cells but did slow proliferation in U20S cells (Fig. 13B, D). Both U20S clones proliferated

more slowly, consistent with observations made while culturing the lines, but only clone 2
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exhibited a significant decrease compared to control cells. These results suggest that using

proliferation as a readout to confirm GNA13 knockout is valid, but only for solid cancer cell lines.
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Figure 13. Validation of GNA13 knockout in NALM6 and U20S cells. (A) Immunoblot of NALM6
WT, control, and GNA13 knockout clones 1-3. a-tubulin used as the loading control. (B) Growth
rate of NALM6 WT, control, and GNA13 knockout clones 1 and 3. Results plotted as cell number
relative to day 1. Graph shows mean+SEM of three independent experiments. (C) Immunoblot
of U20S WT, control, and GNA13 knockout clones 1-2. a-tubulin used as the loading control. (D)
Growth rate of U20S WT, control, and GNA13 knockout clones 1 and 2. Results plotted as cell
number relative to day 1. Graph shows mean+SEM of three independent experiments. n.s.,
p>0.05; *p<0.05, using Student’s t-test.

3.4 GNA13 knockout increases anaphase chromosome segregation

error rate in U20S cells

Even though GNA13 demonstrated synthetic lethality with docetaxel only in NALMG6 cells,
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we continued to pursue it because of a fascinating and unexpected phenotype observed in U20S
cells unrelated to synthetic lethality; GNA13 knockout drastically increased anaphase
chromosome segregation error rate. Two GNA13 knockout clones were validated in U20S cells,
but only clone 2 was amenable to live-cell microscopy because it expresses H2B-eGFP, while
clone 1 does not. Confocal time-lapse microscopy revealed that GNA13 knockout clone 2 had

74.5£2.5% of anaphases with segregation
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Figure 14. GNA13 knockout increases anaphase segregation error rate without altering
mitotic progression in U20S cells. (A) Representative images illustrating the different stages of
mitosis of control and GNA13 knockout clone 2 U20S cells stably expressing H2B-eGFP (green)
and a-tubulin-RFP (red). Arrowheads indicate lagging chromosomes. Time is hours:minutes.
Scale bar=5um. (B) Percentage of anaphases with segregation errors (all errors) in control and
GNA13 knockout clone 2 cells. Control: n=106 anaphases; GNA13 clone 2: n=105 anaphases.
Error bars represent the SD of three independent experiments. ****p<0.001, using Fisher’s
exact two-tailed test. (C) The duration of mitosis measured from NEB to anaphase of control
and GNA13 knockout clone 2. Control: n=106; GNA13 clone 2: n=105. Error bars represent the
SD of three independent experiments. n.s., p>0.05 using two-tailed Student’s t-test. (D)
Percentage of anaphases with the indicated number of segregation errors (LCs and CBs only)
per anaphase in control and GNA13 knockout clone 2 cells. Control: n=104; GNA13 clone 2:
n=103. Error bars represent the SD from three independent experiments. ****p<0.001, using

errors, compared to 56.2+13.2% of anaphases in control cells (meantSD; Fig. 14A-B). This
increase in segregation error rate was not accompanied by any change in the duration of mitosis,
as measured from NEB to anaphase, with both completing mitosis in 54 minutes (Fig. 14C).
Strikingly, GNA13 not only increased the total number of anaphases with segregation errors, but
also increased the severity as measured by the number of errors per anaphase (LCs and CBs only),
approximately halving the number of error-free anaphases and more than doubling the number

of anaphases with more than one error (Fig. 14D).

Observing an increase in anaphase chromosome segregation error rate in GNA13
knockout cells was fascinating, but the increase has only observed in one clone thus far. We
reasoned that if GNA13 knockout does increase anaphase chromosome segregation error rate,
then the same phenotype should be observed in clone 1. Cells were grown on glass coverslips,
arrested in a monopolar prometaphase-like state with the Eg5 inhibitor STLC (Skoufias et al.,
2006) for 4 hours. STLC was washed out, and after 2 hours, cells were fixed, and the DNA was
stained with DAPI. DNA staining overcame the problem of clone 1 lacking H2B-eGFP. The same
phenotype was observed: GNA13 knockout clone 1 had an average of 64.0+5.9% of anaphases
with segregation errors, a drastic increase compared to the 44.2+7.3 of WT cells (mean+SD; Fig.

15A-B). Consistent with clone 2, there was also a significant increase in the number of segregation
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errors per anaphase. There were far fewer cells with error-free anaphases, a comparable number
with 1 error per anaphase, and far more with >1 error per anaphase (Fig. 15C). This pattern is
consistent with the previous result. These results confirm the phenotype observed in clone 2,
and suggest that GNA13 knockout not only increases anaphase chromosome segregation error

rate globally, but also the severity of anaphase chromosome segregation errors in U20S cells.
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Figure 15. U20S GNA13 knockout clone 1 exhibits increased anaphase chromosome

segregation error rate. (A) Representative images of WT and GNA13 knockout clone 1. Cells were
treated with STLC for 4 hours to arrest at prometaphase. STLC was removed, and after 2 hours,
cells were fixed, and DNA stained with DAPI. Arrow indicates a chromosome bridge. Scale
bar=2um. (B) Percentage of anaphases with segregation errors (all errors) in WT and GNA13
knockout clone 1. WT: n=152 anaphases; GNA13 clone 1: n=150 anaphases. Error bars represent
the SD of three independent experiments. ***p<0.005, using Fisher’s exact two-tailed test. (C)
Percentage of anaphases with the indicated number of segregation errors (LCs and CBs only) per
anaphase in WT and GNA13 knockout clone 1. WT: n=152 anaphases; GNA13 clone 1: n=148
anaphases. Error bars represent the SD of three independent experiments. *****p<0.0001 ,
using Fisher’s exact two-tailed test (Cardillo, 2007).
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3.5 UMK57 does not reduce chromosome segregation error rates in

GNA13 knockout U20S cells

GNA13 knockout increasing anaphase chromosome segregation error rate in U20S cells
was a novel and unanticipated observation. Next, we wanted to determine if this increase could
be reduced. We have previously reported UMK57, a KIF2C agonist that partially rescues CIN in
chromosomally unstable cell lines (Orr et al., 2016). We hypothesized that if GNA13 knockout
increases anaphase chromosome segregation error rate in a KIF2C dependant mechanism, then
we should observe a decrease by treating cells with UMK57. WT cells were used out of
convenience, as many control cells had lost the expression of H2B-eGFP with time. Cells were
treated with DMSO or 150nM UMK57 and immediately imaged overnight. WT cells experienced
a significant decrease in the percentage of anaphases with segregation errors when treated with
UMK57, decreasing from 45.8+2.4% to 36.7+4.6% (meanSD, Fig. 16A-B). However, this was not
observed in GNA13 knockout clone 2, with 60.8%3.9% of DMSO-treated and 67.7+15.6% of
UMK57-treated cells experiencing segregation errors (meanSD, Fig. 16A-B). Additionally, the
difference between DMSO treated WT and GNA13 knockout cells remained significant (Fig. 16A),
consistent with prior experiments. UMK57 treatment had no effect on the mitotic progression of
both lines (Fig. 16C). There was a minor but insignificant decrease in the number of errors per
anaphase between DMSO and UMK57 treated WT cells (p=0.069), but no change in between
DMSO and UMK57 treated GNA13 knockout cells (Fig. 16D). An immunoblot was performed to
verify that these results are not due to the absence of KIF2C. The immunoblot revealed that KIF2C
is expressed in both U20S WT and GNA13 knockout clone 2. Control and GNA13 clone 1 were
also included and express KIF2C (Fig. 16E). These results suggest that the observed increase in
anaphase chromosome segregation error rate in U20S GNA13 knockout cells likely occurs via a

KIF2C independent mechanism.
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Figure 16. GNA13 knockout-induced anaphase chromosome segregation errors are not rescued
by UMK57. (A) Representative images illustrating the different stages of mitosis of WT and GNA13
knockout clone 2 U20S cells stably expressing H2B-eGFP (green) and a-tubulin-RFP (red) after
treatment with DMSO or UMK57. Time is hours:minutes. Arrowheads indicate lagging
chromosomes, and the arrow indicates a chromosome bridge. Scale bar = 5um. (B) Percentage of
anaphases with segregation errors (all errors) in WT and GNA13 knockout clone 2 after treatment
with DMSO or UMK57. WT DMSO: n=312 anaphases; WT UMK57: n=345 anaphases; GNA13 clone
2 DMSO: n=303 anaphases; GNA13 clone 2 UMK57: n=214 anaphases. Error bars represent the SD
of three independent experiments. n.s., p>0.05; *p<0.05; ***p<0.005 using Fisher’s exact two-
tailed test. (C) Duration of mitosis from NEB to anaphase of WT and GNA13 knockout clone 2 after
treatment with DMSO or UMK57. WT DMSO: n=304 mitoses; WT UMK57: n=329 mitoses; GNA13
clone 2 DMSO: n=293 mitoses; GNA13 clone 2 UMK57: n=201 mitoses. Error bars represent the
SD of three independent experiments. n.s., p>0.05 using Student’s two-tailed t-test. (D)
Percentage of anaphases with the indicated number of segregation errors (LCs and CBs only) per
anaphase in WT and GNA13 knockout clone 2 treated with DMSO or UMK57. WT DMSO: n=306
anaphases; WT UMK57: n=341 anaphases; GNA13 clone 2 DMSO: n=297 anaphases; GNA13 clone
2 UMK57: n=207 anaphases. Error bars represent the SD of three independent experiments. n.s.,
p>0.05 ****p<0.001, using Fisher’s exact two-tailed test (Cardillo, 2007). (E) Immunoblot of U20S
WT, control, and GNA13 knockout clones for KIF2C. a-tubulin used as the loading control.

3.6 GNA13 knockout increases anaphase chromosome segregation

error rate in RPE1 cells

While the observed increase in anaphase chromosome segregation error rate is
interesting, it was observed in a chromosomally unstable, transformed cell line. Next, we wanted
to know if this phenotype is unique to that context. RPE1 cells are immortalized non-transformed,
diploid, and chromosomally stable cells also ideal for microscopy. We hypothesized that if GNA13
knockout increases anaphase chromosome segregation error rate in U20S cells, it will do the
same in RPE1 cells. Three clones validated by TIDE analysis were verified by immunoblot to be
complete GNA13 knockouts (Fig. 17A-B). Since GNA13 is involved in proliferation, and GNA13
knockout slowed proliferation in U20S cells (Fig. 13D), we hypothesized that GNA13 knockout in

RPE1 cells will have the same effect. The alamarBlue® viability assay was again used to measure
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Figure 17. Validation of GNA13 knockout in RPE1 cells. (A) Chromatograms of RPE1 lines.
Genomic DNA was purified from the indicated RPE1 line, the targeted exon amplified by PCR, and
sequenced by Sanger sequencing. Knockout efficiency was measured as the percent of indel
formation against the respective WT sequence using TIDE analysis. The highlighted region
indicates the 20-nucleotide sequence recognized by the sgRNA. (B) Immunoblot of RPE1 WT,
control, and GNA13 knockout clones 1-3. a-tubulin was used as the loading control. (C) Growth
rate assay of RPE1 WT, control, and GNA13 knockout clones 1 and 2. Results plotted as cell
number relative to day 1. Graph shows meantSEM of three independent experiments. n.s.,
p>0.05; *p<0.05, using Student’s t-test.

the proliferation of WT and control cells, and the knockout clones imaged: clones 1 and 2. Clone
1 demonstrated proliferation comparable to both WT and control cells, while clone 2 proliferates
at a significantly slower rate (Fig. 17C). While the effect of GNA13 knockout was inconsistent

between clones, they were nonetheless validated to be complete knockout.

With the clones validated, we sought to confirm the phenotype previously observed in
U20S cells. By using RPE1 cells stably expressing H2B-eGFP and a-tubulin-RFP, it was possible to
observe the effect of GNA13 knockout on mitosis via confocal time-lapse microscopy. Only clones
1 and 2 were imaged because clone 3 does not express either H2B-eGFP or a-tubulin-RFP. GNA13
knockout drastically increased the percentage of anaphases with segregation errors compared
to the control. Control cells had 3.6+0.2% of anaphases with segregation errors compared to

7.2+0.7% for GNA13 clone 2 (meanSD). Clone 1 was even more striking as the error rate was
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more than double that of control cells, with 9.0£0.6% of anaphases experiencing segregation
errors (Fig. 18A-B). Consistent with U20S cells, GNA13 knockout had no significant impact on
mitotic progression in RPE1 cells, with all three lines completing mitosis within 35-40 minutes
(Fig. 18A, C). These results demonstrate GNA13 knockout-induced anaphase chromosome

segregation error rate is not unique to transformed, chromosomally unstable cell lines.
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Figure 18. GNA13 knockout exacerbates CIN in the chromosomally stable RPE1 cells. (A)
Representative images illustrating the different stages of mitosis of control and GNA13 knockout
RPE1 cells stably expressing H2B-eGFP (green) and a-tubulin-RFP (red). Time is hours:minutes.
Arrow indicates a chromosome bridge. Scale bar = 5um. (B) Percentage of anaphases with
segregation errors in control and GNA13 knockout clones 1 and 2. Mean values *+ SD of three
independent experiments. Control: n=356 anaphases; GNA13 clone 1: n=219 anaphases; GNA13
clone 2: n=328 anaphase. *p<0.05; **p<0.01 using Fisher’s exact two-tailed test. (C) Duration of
mitosis from NEB to anaphase of control and GNA13 knockout clones 1 and 2. Mean values = SD
of three independent experiments. Control: n=350 mitoses; GNA13 clone 1: n=209 mitoses;
GNA13 clone 2: n=306 mitoses. n.s., p>0.05 using Student’s two-tailed t-test.
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Chapter 4 — Discussion

4.1 Validation of synthetic lethal hits in NALM6 and U20S Cells

Several hits from the chemogenomic screen were successfully validated with docetaxel
and vincristine using clonal knockout lines and the alamarBlue® viability assay. A hit was
considered validated if the decrease in ICso was statistically significant for hits with one clone.
Hits with three knockout clones tested were considered validated if: (i) 2/3 clones exhibited a
significant decrease in ICso compared to control cells, and (ii) the overall average ICso of the three
clones is significantly lower than that of control cells. Satisfying these conditions in NALM®6 cells
are GNA13, SEPHS1, and DLGAPS with docetaxel, and QRICH1 and DLGAPS with vincristine (Fig.
10).

Likewise, a hit was considered validated in U20S cells if the decrease in ICso was
statistically significant for hits with one clone. For those with two clones, a hit was considered
validated if both exhibited a significant decrease in ICso. However, none of the clones satisfied
these conditions. Although DLGAP5 knockout does sensitize the cell to docetaxel treatment as
the average of the two clones approached significance, only one of the two clones exhibited a
significant change in sensitivity (Fig. 12E). Therefore, we can deduce that DLGAP5 knockout is
likely synthetic lethal with docetaxel in U20S cells as well, but this cannot be concluded
confidently from these data. Supporting the results obtained for DLGAPS in both NALM6 and
U20S cells, DLGAPS knockdown is reported to be synthetic lethal with docetaxel in androgen-
sensitive prostate cancer cells (Hewit et al., 2018). This demonstrates that the methodology used

is robust.
More hits are likely synthetic lethal than what the results suggest but were not validated

for a few possible reasons. Some hits did exhibit increased sensitivity towards MTAs that

approached significance, and likely would have reached significance if more replicates were
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performed. For example, in NALMG6 cells, QRICH1 knockout increased the sensitivity to docetaxel
1.56-fold (p=0.06), and TACC3 knockout increased the sensitivity towards vincristine 1.54-fold
(p=0.08).

Another possible explanation as to why some hits were not validated, and why there are
differences in MTA response between clones, is that some clones are knockout at the genomic
level but may still express a functional gene product. Knockout efficiency measured by TIDE
analysis does not guarantee complete knockout of the target because cells can overcome Cas9-
induced frameshift mutations. There are several mechanisms by which this may occur. For
example, by generating an in-frame indel that produces a still-functional protein, or by in-frame
skipping of the edited exon to produce a partially functional protein. This is known as knockout
evasion and it is actually a fairly common phenomenon (Makino et al., 2016; Smits et al., 2019).
For example, several NALM6 GNA13 knockout clones were confirmed by TIDE analysis, but some
still expressed protein, albeit at decreased levels (Fig. S1A). This offers one possibility as to why,
for example, SEPHS1 clone 1 exhibited little change in sensitivity towards docetaxel and
vincristine in NALM®6 cells. This was also observed in U20S cells. U20S cells have four copies of
GNA13. A third GNA13 knockout clone validated by TIDE analysis to have a knockout efficiency
similar to clone 2 (=85%) had four unique indels, suggesting each copy of GNA13 was mutated,
but it still expressed GNA13 (Fig. S1B). Additionally, the U20S TACC3 clone is likely not a complete
knockout, simply because it contains one unedited copy of the gene. TIDE estimated a knockout
efficiency of *75% and identified three indels. This indicates 3 out of 4 copies contain indels, but
U20S cells are supposed to have only two copies of TACC3 (Bruhn et al., 2014). There are two
possibilities as to why this is. First, this line may be a population of two clones, one of which is
heterozygous for TACC3. For this to be true, both clones must proliferate at near-identical rates
because TIDE analysis revealed a knockout efficiency per indel of =25%, suggesting they are
present in approximately equal proportions. This is unlikely as TACC3 knockdown impedes
proliferation (Guo & Liu, 2018). A more likely explanation is the acquisition of two additional
copies of TACC3, only one of which was edited by Cas9. This is possible because U20S cells are

chromosomally unstable. Therefore, a 1.48-fold increase in sensitivity towards docetaxel for a
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knockout line that is likely not a complete knockout is quite drastic.

Another possibility is the presence of genetic differences between clones. Clonal cell lines
are powerful tools in elucidating gene function and gene-drug relationships. However, clonal
lines are generated from diverse populations, and one limitation of working with clones is
heterogeneity between them. Therefore, by utilizing multiple unique clones when possible to
validate hits, the likelihood that the observed phenotype is an artifact of clonal selection is
reduced (Giuliano et al., 2018; A. Lin et al., 2017). This offers another explanation as to why
variation in MTA response was observed between clones. GNA13 knockout was synthetic lethal
with docetaxel in NALM®6 cells, and all three clones were verified by immunoblot (Fig. 12A);
however, clone 2 exhibited little change in sensitivity towards docetaxel compared to clones 1
and 3 (Fig, 10E, Table 1). SEPHS1 knockout was also synthetic lethal with docetaxel in NALM6
cells, but only two of the three clones demonstrated a statistically significant increase in
sensitivity. Clone 1 demonstrated a minor change in sensitivity towards docetaxel. Interestingly,
the same clone also demonstrated very little change in sensitivity towards vincristine, suggesting

that this clone may have some aberration conferring resistance to MTAs (Fig. 10F, K, Table 1).

Interestingly, SEPHS1 was validated with docetaxel in NALM6 cells, but not U20S cells
(Fig. 10F, 12B). Assuming the clone is a complete knockout, then another explanation as to why
this is the case is SEPHS1 exerts cell type dependant functions. U20S cells were chosen because
they are another cancer cell line that is amenable to microscopy experiments; however,
osteosarcoma is not the same as acute lymphoblastic leukemia. Therefore, we could reason that
other leukemic cell lines harboring SEPHS1 LOF mutations would likely be more sensitive to

docetaxel, but not necessarily all adherent cell lines.

GNA13 emerged as a hit with both docetaxel and vincristine in the screen; however, it
was only validated with docetaxel (Fig. 10E, J). GNA13 knockout may be synthetic lethal with
vincristine in NALMG6 cells, but to a much lesser extent than docetaxel. This would explain why it

emerged as a hit in the screen but exhibited only minor increases in sensitivity here (Table 1). Of
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the two replicates performed with docetaxel in the screen, GNA13 ranked #1 and #2,
respectively, compared to ranking #62 with vincristine. As a comparison, DLGAPS5 ranked #25 and
#119 with docetaxel, and #5 with vincristine. Consistent with the screen, GNA13 knockout
NALMS®6 cells were more sensitive to docetaxel than vincristine, and DLGAP5 knockout NALM®6
cells were more sensitive to vincristine than GNA13 knockout cells. However, our results suggest
that DLGAPS knockout NALMG6 cells are more sensitive to docetaxel than vincristine, and that
they are more sensitive to docetaxel than GNA13 knockout NALM®6 cells. Rather than providing
a concrete ranking for each synthetic lethal combination, the screen simply identifies synthetic

lethal hits that must be validated using additional methods.

Mutations in QRICH1, DLGAP5, GNA13, and SEPHS1 are found in various cancers
(Lawrence et al., 2014). These results offer potential therapeutic strategies by treating cancers
harboring mutations within these genes with lower doses of MTAs, reducing side effects
associated with MTA use. Additionally, SEPHS1 is an enzyme, and therefore, “druggable.” By
developing SEPHS1 inhibitors, it would also be possible to treat cancers overexpressing SEPHS1
in combination with docetaxel. The most interesting among these genes is GNA13, which is

frequently mutated in specific subsets of aggressive lymphomas.

4.2 GNA13 and germinal center lymphomas

The goal of the project was to validate hits from a genetic synthetic lethal screen, which
could then be exploited to treat cancer using lower doses of MTAs. Synthetic lethality was not
observed with vincristine in GNA13 knockout in NALM6 cells but was observed with docetaxel
(Fig. 10J E). This result is interesting for two reasons. First, GNA13 is heavily implicated in GC
DLBCL and Burkitt lymphoma, two aggressive subtypes of non-Hodgkin’s lymphoma. GNA13 LOF
mutations are found in 15-30% of GC DLBCL and Burkitt lymphoma cases, making it one of the
most commonly mutated genes (Lawrence et al., 2014; Lohr et al., 2012; Love et al., 2012; J.
Zhang et al., 2013). DLBCL accounts for 28% of all ymphomas, while Burkitt lymphoma accounts

for less than 5% of all cases and is more common in children (30% of cases) than adults (<1% of
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cases) (Kalisz et al., 2019). Secondly, the standard treatment regimen for GC DLBCL and Burkitt
lymphoma uses vincristine (in combination with rituximab, cyclophosphamide, doxorubicin, and
prednisone; R-CHOP). However, R-CHOP is only effective in about 50% of DLBCL and adult Burkitt
lymphoma cases (Graham B.S., 2020; Jacobson & Lacasce, 2017; Linch, 2012; Lyon-sud & Lyon,
2016; Zayac & Olszewski, 2020). This raises the possibility of exploiting naturally occurring
mutations within a unique subset of patients not by decreasing MTA dose, but by making

treatment more effective by swapping the MTA used.

Clinical trials exploring the use of paclitaxel and docetaxel in patients with non-Hodgkin’s
lymphoma who have either not or only partially responded to initial treatment or have relapsed,
has yielded some success, with 25-69% of patients responding positively to treatment. However,
non-Hodgkin’s lymphoma is a very heterogeneous disease (Armitage et al., 2017), and the
majority of these studies did not distinguish between lymphoma subtypes. One study did
distinguish DLBCL cases from others, but did not distinguish between germinal or non-germinal
center origin. Most importantly, none of the studies specified if patients with Burkitt lymphoma
were included. However, it is possible none, or extremely few, were included because adult cases
are rare (Nieto et al., 2005; Rizzieri et al., 2004; Westin et al., 2014; Younes et al., 1995, 1997,
Zayac & Olszewski, 2020; Zekri et al., 2003). These trials demonstrate that taxane use to treat

non-Hodgkin’s lymphoma is possible and is worth exploring in greater detail.

Although there is potential to exploit naturally occurring GNA13 mutations in these
lymphomas, the results obtained in NALM6 cells must be validated in the appropriate cell lines.
NALMG6 is not a germinal center lymphoma cell line, but still of B cell origin. Therefore, we
hypothesize that GNA13 knockout would elicit a more considerable increase in sensitivity
towards docetaxel than vincristine in GC DLBCL and Burkitt lymphoma GNA13 knockout cell lines.
The advantage of probing this hypothesis in these types of lymphomas is that not only can GNA13
knockout cell lines be generated, but cell lines already harboring LOF mutations (e.g., Raji) can
be rescued with WT GNA13 and assayed as well. If docetaxel does prove to be more effective

than vincristine, it may eventually lead to a more effective first line treatment for a subset of
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patients with germinal center lymphomas for which present therapy is often ineffective.

4.3 GNA13 knockout impedes proliferation in a cell context dependant

manner

Although all GNA13 knockout clones were validated by immunoblot, we wanted to
validate the knockout another way. The role of GNA13 on proliferation is well documented in
solid cancers, and to a lesser extent, hematological cancers. In solid cancers, GNA13 acts as an
oncogene, and upregulation promotes proliferation (Worzfeld et al., 2008; Jia Xing Zhang et al.,
2016; Z. Zhang et al., 2018). This suggested that proliferation rate could be used as another
measure of GNA13 knockout. Consistent with the literature, GNA13 knockout did markedly
impede proliferation in U20S cells, albeit to slightly different degrees. Clone 1 did proliferate
more slowly, but only clone 2 proliferated significantly slower than control cells (Fig. 13D). The
difference between control and clone 1 would likely have been significant if the assay was
performed over a more extended period. Although increasing CIN can negatively affect
proliferation (Godek et al., 2016), we can rule out that possibility in this context because
aneuploid cell lines are adapted to proliferating in an aneuploid state and can proliferate even if

CIN is exacerbated (Thompson & Compton, 2008).

Although RPE1 cells are non-transformed, we still expected GNA13 knockout to impede
proliferation. However, the results were inconsistent between the two clones assayed. Clone 1
proliferated at a comparable rate to both WT and control cells, while clone 2 exhibited a
significant decrease (Fig. 17C). There is the possibility GNA13 knockout has no effect on
proliferation in RPE1 cells, but clone 1 has gained a pro-proliferative karyotype because of
chromosome missegregation. However, the opposite may also be true; GNA13 has no effect on
proliferation in RPE1 cells, but clone 2 is aneuploid and therefore bears a growth penalty or a
disadvantageous karyotype. This result alone does not suggest that measuring the growth rate
to validate GNA13 knockout in RPE1 cells was inappropriate, but rather, variation exists between

the clones, and that the third clone should be assayed to confirm whether GNA13 knockout
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impedes proliferation or not.

Opposite to its oncogenic role in solid cancers, GNA13 acts as a tumor suppressor in
germinal center lymphomas, and LOF mutations promote germinal center B cell proliferation
(Healy et al., 2016; Muppidi et al., 2014). Therefore, we hypothesized that GNA13 knockout
would increase proliferation. However, GNA13 knockout did not affect proliferation in NALM6
cells (Fig. 13B). GNA13 knockout may only elicit its pro-proliferative effect on transformed B
cells in vivo. Expression of WT GNA13 in Raji cells, a Burkitt lymphoma cell line containing LOF
mutations in GNA13, did not affect proliferation in vitro, but did significantly impair proliferation
in mouse xenograft models (O’Hayre et al., 2016). It has also been suggested that GNA13
knockout alone does not promote B cell proliferation. In mouse models, Healy and colleagues
reported that the proportion of germinal center B cells from spleens of GNA13 knockout mice
were significantly larger than those of GNA13 WT mice. Rather than promote proliferation of
germinal center B cells, they suggest that GNA13 knockout inhibits affinity selection-mediated
apoptosis, as germinal center B cells from GNA13 knockout mice have lower levels apoptotic
marker active caspase-3. They also observed lower levels of the proliferation marker Ki67 in
germinal center B cells of lymph nodes (Healy et al., 2016). Therefore, the role of GNA13 in B cell
proliferation may be more complex than solid cancers, and using proliferation as a method of
validating GNA13 knockout in NALMG6 cells was ultimately inappropriate. These results suggest
that GNA13 not only exerts context-dependent functions on proliferation between solid and

hematological cancers, but that its effect on the proliferation of B cells is not straightforward.

This underlines one major caveat to using proliferation as method to validate gene
knockout: proliferation is influenced by many factors. So, while using proliferation as a readout
to validate GNA13 knockout in solid cancer cell lines can be done more confidently than
hematopoietic cancers because it has been better documented, it still does not guarantee GNA13
knockout will impede proliferation in all solid cancer cell lines and exceptions have been reported
(S. A. Rasheed et al., 2015; Xu et al., 2016). Therefore, measuring something downstream of

GNA13 that is influenced by fewer other factors and that is more direct would be an optimal
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method to validate GNA13 knockout, such as RhoA. A common method to measure RhoA
activation is the glutathione S-transferase-Rhotekin-Rho binding domain (GST-Rhotekin-RBD)
pulldown assay. Rhotekin binds RhoA-GTP only, which is used as a readout for activation of
upstream mediators of RhoA, such as GNA13 (O’Hayre et al., 2016; Tan et al., 2006). This assay
provides a more consistent readout between different cell lines because GNA13-RhoA signaling
is well documented across many cell types, as opposed to the cell-type specific role of GNA13 on

proliferation.

4.4 GNA13 knockout increases anaphase chromosome segregation

error rate in U20S and RPE1 cells

U20S cells are a chromosomally unstable cell line ideal for microscopy. Upon imaging
U20S GNA13 knockout cells we observed an increase in anaphase chromosome segregation
errors, which was unexpected and intriguing. Both U20S GNA13 knockout clones demonstrated
significantly higher rates of segregation errors, as well as an increase in the number of
segregation errors per anaphase, compared to either WT or control cells (Fig. 14, 15). GNA13
knockout-induced segregation errors was not unique to U20S cells and was observed in the
chromosomally stable RPE1 cell line. GNA13 knockout approximately doubled the percentage of
anaphases with segregation errors compared to control cells (Fig. 18B). Additionally, GNA13
knockout had minimal effect on mitotic duration in both U20S and RPE1 cells (Fig. 14C, 18C). CIN
is associated with a weakened SAC (Swanton et al., 2006), but RPE1 cells have a robust SAC. This
suggests that either the SAC is not activated, or that it is surpassed entirely. It is unlikely that this
phenotype is an artifact of clonal selection because it was observed in four clones between two
cell lines. However, to be certain that the phenotype observed is truly a result of GNA13
knockout, rescue experiments should be performed by expressing GNA13 cDNA containing silent
mutations in the sgRNA binding sequence and the PAM. Overall, these results strongly suggest
GNA13 knockout impairs chromosome segregation and does not require pre-existing CIN or

cellular transformation as prerequisites.
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While it is commonplace to use anaphase segregation errors as a readout for CIN, there
is one caveat to doing this: it does not necessarily represent actual missegregation events. It is
likely that an increase in CIN, as measured by anaphase segregation error rate, also results in an
increase in actual chromosome missegregation events and aneuploidy, but this is not
guaranteed. It is possible the role GNA13 plays in chromosome segregation is subtle, and
therefore impairs chromosome segregation without increasing nondisjunction. It is very
tempting to suggest there is an increase in CIN simply because GNA13 knockout increases
anaphase chromosome segregation error rate, but this suggestion is premature. Therefore,
additional methods, such as fluorescence in situ hybridization (FISH) or karyotyping, are required
to determine not only if GNA13 knockout does truly increase CIN, but also to what extent it does

so (Nicholson & Cimini, 2013; Selvarajah et al., 2006; Thompson & Compton, 2011).

Treatment with the KIF2C agonist UMK57 (Orr et al., 2016) decreased the segregation
error rate in WT, but not GNA13 knockout U20S cells (Fig. 16A). Immunoblot revealed that KIF2C
is expressed in all U20S cell lines, although expression appears slightly lower in clone 2 (Fig. 16D).
It is unlikely that this is the cause of increased anaphase segregation error rate in GNA13
knockout U20S cells because UMK57-treated and DMSO-treated cells had comparable rates (Fig.
16A). However, aurora B expression should be verified, as high levels of aurora B hyper-stabilizes
k-MT attachments (Orr et al., 2016). Although GNA13 knockout has not been reported to alter
Aurora B expression in other contexts (Nakano et al., 2019; Teo et al., 2016), it should be verified
in U20S cells because GNA13-mediated processes are highly dependent on cellular context
(Suzuki et al., 2009). This does suggest, however, that GNA13 knockout-induced anaphase

chromosome segregation errors may occur in a KIC2C independent mechanism.

GNA13 transmits extracellular signals from many different GPCRs through a number of
different pathways. The most well-studied pathway is the GNA13-GEF-RhoA pathway. GEFs
promote RhoA GDP exchange for GTP upon GNA13 activation. However, one challenge of

studying GNA13-mediatied signaling is the significant overlap with GNA12-mediated signaling as
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they share many downstream effectors, including several GEFs specific for RhoA (Andreeva et al.,
2007; Kelly et al., 2007; Suzuki et al., 2009). However, this overlap can be exploited to narrow
down which downstream effectors are involved in chromosome segregation by repeating the
same experiments with GNA12 knockouts. If GNA12 knockout U20S or RPE1 cells also exhibit an
increase in anaphase segregation errors, then the downstream effectors are common to both
GNA12 and GNA13; if not, then the effector is unique to GNA13, and the pool of possible GNA13
effectors is drastically narrowed. This is plausible because some proteins downstream of

GNA12/13 and RhoA have already been implicated in mitosis.

Bakal and colleagues reported the GEF-H1 animal homologue, Lfc, is required for correct
chromosome segregation in Rat-2 cells, as Rat-2 cells injected with anti-Lfc antibodies were prone
to chromosome segregation errors at anaphase. This occurred via RhoA and the formin mDial
(also known as diaphanous homolog 1, DIAPH1) (Bakal et al., 2005). In mammals, there exists
three diaphanous formins: mDial is activated specifically by RhoA, while mDia2 (also known as
DIAPH2) and mDia3 (also known as DIAPH3) are activated by RhoA, Racl, and Cdc42 (Lammers
et al., 2008). mDia2 knockdown appeared to increase the severity of anaphase segregation errors
in HT29 cells (Grueb et al., 2019). mDia3 knockdown has also been reported to impair
chromosome segregation in HelLa and NIH 3T3 cells, although the authors suggest this occurs via
a Cdc42-dependant mechanism (Yasuda et al., 2004). Therefore, the three diaphanous formins

are the most tempting suspects downstream of GNA13, particularly mDial and mDia2.

There are a few experiments that can be done to validate a possible GNA13-RhoA-
mDial/2/3/ pathway. It is easy to suggest that expressing constitutively active mDial/2/3, which
have their Rho-binding and autoinhibitory domains deleted (Otomo et al., 2005), would rescue
the phenotype in GNA13 knockout cells. However, expressing constitutively active mDial in WT
Rat-2 cells, and mDial and mDia3 in HelLa and NIH 3T3 cells drastically increased chromosome
segregation error rate at anaphase (Bakal et al., 2005; Yasuda et al., 2004). It is unknown if
expressing constitutively active mDia2 would yield similar results, but it is plausible. Therefore,

this approach may be counterproductive. While RhoA inhibition with C3 exoenzyme is possible,
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it produces binucleated cells as a result of cytokinesis failure (Kato et al., 2001). Using RhoA
mutants uncoupled from downstream effectors overcomes some of the challenges of exploring
this pathway. Expression of RhoA T37Y/C20R, a RhoA mutant uncoupled from all downstream
effectors, should increase chromosome segregation error rate in WT and GNA13 knockout cells.
RhoA F39A is uncoupled from all effectors except mDial-3, and RhoA G14V is constitutively
active. If RhoA G14V/F39A expression in GNA13 knockout cells improves chromosome
segregation error rate, then mDial/2/3 are likely involved. Finally, expression of WT or
constitutively active RhoA in GNA13 knockout cells should decrease chromosome segregation
error rate at anaphase in GNA13 knockout cells (Bakal et al., 2005; Sahai et al., 1998). There also
exist inhibitors that preferentially bind the FH2 domain of mDial and mDia2, but not mDia3, that
can be used: small molecule inhibitor of formin homology 2 domains (SMIFH2), and 3-(2-amino-
5-bromophenyl)-1H-quinoxalin-2-one (Gauvin et al., 2009; Rizvi et al., 2009). Although they do
not distinguish between mDial and mDia2, they may be useful in determining if mDial or mDia2,
rather than mDia3, are involved in GNA13-mediated chromosome segregation in U20S and RPE1
cells. These results may provide mechanistic insight into a GNA13-RhoA-mDia pathway involved

in error-free chromosome segregation.

4.5 Oncogenic potential of GNA13 knockout

Although GNA13 is more commonly found to be upregulated in solid cancers, data from
TumorPortal (http://www.tumorportal.org/; Lawrence et al., 2014) and The Cancer Genome
Atlas research network (https://www.cancer.gov/tcga) have identified mutations in primary solid
tumor samples from a variety of cancer types. CIN is a common feature of cancer that has the
potential to produce aneuploidy via chromosome missegregation events. Both CIN and
aneuploidy are common features of cancer implicated in drug resistance and tumorigenesis (Ben-
David & Amon, 2020; Choma et al., 2001; Dagogo-Jack & Shaw, 2018; Kuukasjarvi et al., 1997; A.
J. X. Lee et al., 2011; Sansregret et al., 2018; Swanton et al., 2009). We investigated the role of
GNA13 knockout on mitosis and found that GNA13 knockout exacerbates anaphase segregation

error rate in both transformed U20S and non-transformed RPE1 cells (Fig. 14, 15, 18). The latter
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was surprising as RPE1 cells are chromosomally stable, with <5% of mitoses exhibiting
segregation errors (Fig. 18B) (Thompson & Compton, 2008). This poses interesting questions.
Does the increase in anaphase segregation error rate also result in aneuploidy? Could GNA13

knockout cells more easily develop drug resistance, and therefore promote transformation?

The observed increase in segregation errors would suggest that GNA13 knockout U20S
cells should be more sensitive to MTA treatment, which would further exacerbate CIN and
produce highly aneuploid daughter cells incapable of surviving (Zasadil et al., 2014). However,
U20S GNA13 knockout clones did not exhibit significantly increased sensitivity towards
docetaxel. Clone 2 did exhibit some shift in ICsg, but clone 1 exhibited no change. One explanation
is that this clone has acquired some sort of resistance to docetaxel via CIN. This is not impossible
as U20S cells are chromosomally unstable, and this clone has already lost the expression of H2B-
eGFP. The observed increase in anaphase chromosome segregation errors, as well as the
difference in response towards docetaxel in U20S cells, suggests that GNA13 knockout may

induce oncogenic transformation and drug resistance via CIN.

The presence of CIN, as measured by anaphase segregation error rate, does not guarantee
aneuploidy. Thompson and Compton reported nocodazole and monastrol (another Eg5 inhibitor)
treated RPE1 cells did exhibit increased chromosome missegregation to become aneuploid, but
the population did not maintain an aneuploid state. Aneuploidy confers a growth penalty, and
reduced proliferative capacity selects against aneuploid cells, and the population converges back
to a diploid karyotype (Thompson & Compton, 2008). However, it remains to be determined if
the observed increase in anaphase segregation error rate in GNA13 knockout RPE1 cells also
results in aneuploidy. This is possible by quantifying chromosome number from chromosome
spreads. Coupling this with FISH to identify centromeres and telomeres would also allow for
simultaneous identification of any structural abnormalities present, such as telomere fusions and
dicentric chromosomes, which are capable of further exacerbating CIN via the break-fusion-break
cycle (Janssen et al.,, 2011; Pampalona et al.,, 2016) and influencing karyotype evolution

(Duesberg et al., 2000). If there is a difference in ploidy, numerically or structurally, compared to
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control cells, GNA13 knockout cells can tolerate it because they propagate well in culture. It
would also indicate the clonal lines will continue to evolve and become increasingly
heterogeneous with time. Although it is possible aneuploid cells are still selected against because

it confers a growth penalty, they may be selected for upon introduction of a selective pressure.

It is tempting to speculate that GNA13 knockout RPE1 cells would more easily develop
drug resistance via the accumulation of abnormal karyotypes under selective pressure, which
would suggest cellular transformation. Work by Duesberg and collogues eloquently
demonstrated aneuploid Chinese hamster embryo cells acquired multi-drug resistance, unlike
parental cells that did not develop resistant colonies to just single drug treatment (Duesberg et
al., 2000). It would be interesting to explore if GNA13 knockout does produce drug-resistant
clones under drug treatment, and ultimately influence cellular transformation of RPE1 cells.
Testing this hypothesis could be done, not just with MTAs, but with several cancer drugs with
different mechanisms of action to determine if multi-drug resistance arises, or if vulnerability to
specific drugs arise. This would uncover a novel role for GNA13 in tumorigenesis via the induction

of CIN.

To summarize, these results offer potential anticancer therapeutic strategies, namely, the
treatment of cancers presenting mutations in QRICH1, DLGAP5, GNA13, and SEPHS1 with lower
doses of MTAs. GNA13 is frequently mutated in germinal center lymphomas, and these results
propose exploring the use of docetaxel, rather than vincristine, as a more effective treatment.
These results also demonstrate that GNA13 knockout exacerbates anaphase chromosome

segregation error rate in U20S and RPE1 cells and may be involved in cancerous transformation.
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Figure S1. Immunoblots of GNA13 clones validated by TIDE analysis

(A) Immunoblots of NALM6 lines. Clones 4 and 5 were validated by TIDE to have knockout
efficiencies >90% but still express GNA13. (B) Immunoblots of U20S lines. Clone 3 was validated
by TIDE to have a knockout efficiency >80% but still expressed GNA13. =200 000 cells loaded per
well.




Appendix Il — Primer and sgRNA Sequences



Gene Sequence 5’-3’
QRICH1 CCAGGCTGCAGAAATCCCGG
GNA13 CATGGCAGCCCAAGGAATGG
SEPHS1 TGTACCTGAAGTCTCCGGGC
DLGAPS GAATTGGACATTCCAGATGA

TACC3 (NALMS6) GACCAGGCTGGGCCAGCCAG
TACC3 (U20S) GAGGAGGACGACGGTAGGAG

Table S1. sgRNA sequences used to generate clones
sgRNAs were designed by the Tyers lab

Gene Sequence 5’-3’
CTCACTGATGAATCTTGTTGCTT
QRICH1
CTCAAAGACACATAACTCTGCTG
CCTTCAGAGAGAGGAATTGTG
GNA13
TGTGCCTTAGCCTTTCAGTC
TGGTTTTAGGATGGTCTTGG
SEPHS1
ATGGAACTCGAACAGAGTGG
AGGCCCCATCACTATAATCC
DLGAPS
CACTGTTACTTGCTTGGTTGG
CTCATCAAGGAAGTGGATGC
TACC3
TGAGCCCTGTTTTTATCCAG

Table S2. Primers used to amplify exons targeted by sgRNAs
Primers for GNA13, SEPHS1, DLGAP5, and TACC3 were designed by Dr. Benoit Barrette



