Biomedical & | Lancaster E<d
ife Sciences | University = °

INVESTAGING THE ROLE OF KIFC1 AND
CENTROSOME AMPLIFICATION IN
PRIMARY AND METASTATIC UVEAL
MELANOMA

TOWARDS BUILDING A PROTACTO
TARGET KIFC1

Umar Patel
Biomedical Science MSc by Research

Supervised by Dr Morgan Gadd and Dr Andrew Fielding

Biomedical and Life Sciences
Faculty of Health and Medicine
Lancaster University

October 2019

I, Umar Patel, confirm that the work presented in this thesis is my own and has not been
submitted in substantially the same form for the award of a higher degree elsewhere.
Where information has been derived from other sources, | confirm this has been indicated
in the thesis.



Abstract

Uveal melanoma is melanoma of the uveal tract, which develops into liver metastasis in
approximately 50% of patients. Lack of therapeutic targets means that survival from
metastatic uveal melanoma remains at 8% after two years, a survival rate that had not
improved since 1973 (Singh et al., 2011). Recent in silico genomics research has revealed
uveal melanoma to express genes associated with centrosome amplification (de Almeida et
al., 2019). Although centrosome amplification causes cancer (Levine et al., 2017), it has been
described as an “Achilles’ heel” for cancer cells as they require mechanisms to cluster their
centrosomes to avoid multipolar mitosis, aneuploidy and cell death (Kwon et al., 2008).
KIFC1, a kinesin-14 motor protein, is essential for clustering centrosomes and avoiding
multipolar mitosis (Kwon et al., 2008). Frequently found to be overexpressed in cancers
with centrosome amplification, KIFC1 overexpression has been shown to increase
proliferation, survival and invasiveness (Pannu et al., 2015b), but seems to be dispensable
in normal somatic cells (Watts et al., 2013). Small molecule KIFC1 inhibitors do exist, but
current options display off target effects and require high doses to generate an effect

(Yukawa et al., 2018).

In this project, metastatic uveal melanoma cell lines have been shown to display
centrosome amplification for the first time. Furthermore, KIFC1 depletion in primary and
uveal melanoma cell lines reduces proliferation, clonogenicity and survival while increasing
the frequency of apoptosis and multipolar mitosis. The addiction to KIFC1 observed in
primary uveal melanoma cells, which have insignificant levels of centrosome amplification,
implies that KIFC1 has centrosome clustering-independent oncogenic activity in primary

uveal melanoma and may be a novel therapeutic target.

A novel therapeutic alternative to small molecule inhibitors is the use of small-molecule
PROTACs, which are bifunctional chimeras that hijack the ubiquitin-proteasome system to
induce degradation of disease-causing target proteins, while also working at lower
concentrations and with better specificity than the small molecule inhibitors that they are
derived from (Buhimschi et al., 2018). In this project, analogues of the KIFC1 inhibitor

CW069 were synthesised as the first step towards producing KIFC1-targetting PROTACs.
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1. Introduction



1.1. Uveal Melanoma

Around 5% of all melanomas occur in the eye (Chang et al., 1998), and approximately 85% of
these occur in the uveal tract, comprising the choroid, iris and ciliary body, and are referred
to as uveal melanoma. Although rare, it is still the most common ocular cancer and
predominantly affects the elderly, with median age of diagnosis being 62 years, while the
peak age range of diagnosis remains between 70-79 years (Reviewed by Krantz et al., 2017).
Its incidence is approximately five per million in the USA, with a 30% greater incidence in
males than females. Furthermore, it affects non-Hispanic Caucasians (6.02 per million) at a
much higher rate than other races, such as Hispanics (1.67 per million), Asians (0.31 per
million) and African Americans (0.39 per million) (Reviewed by Krantz et al., 2017). Incidence
also increases with latitude, ranging from two per million in Spain and Italy to eight per million

in Norway and Denmark (Virgili et al., 2007).

Although originating in melanocytes, uveal melanoma shares few similarities with cutaneous
melanoma. They do both disproportionately affect those with fair skin, blue eyes and red or
blonde hair (Weis et al., 2006), but uveal melanoma has a far lower mutational burden than
cutaneous melanoma and unlike cutaneous melanoma, uveal melanoma has a very defined
mutational landscape (Krauthammer et al.,, 2012). Gene expression profile classification
stratified uveal melanoma cases into two molecular classes with significant differences in
prognosis. Furthermore, class 1 was split between class 1A, with 2% risk of metastasis and 1B,
with 21% risk of metastasis. Meanwhile, class 2 has a 72% risk for metastasis (Reviewed by
Helgadottir and Hoiom, 2016). Despite effective local control of the tumour, around half of all
uveal melanoma patients develop metastasis, mainly to the liver, leaving a mere 8% survival

rate within two years upon metastasis (Reviewed by Krantz et al., 2017).

Uveal melanoma has a very distinct mutational landscape. Around 92.5% of patients harbour
mutations in GNAQ and GNA11, both alpha subunits of G-proteins. Furthermore, tumours
without these mutations instead gained mutationsin CYSLTR2, a G-Protein-Coupled Receptor,
or PLCB4, a downstream effector of GNAQ, accounting for 4% and 2.5% of patients in total,
all of which activated the oncogenic YAP (Feng et al., 2014), MAPK and Akt/PKB pathways
(Van Raamsdonk et al., 2010). Interestingly, these mutations occur in a mutually exclusive
pattern and no difference was found in overall survival or metastasis between them.
Furthermore, the fact that such mutations occur very early in tumorigenesis, led to the theory
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that mutations in uveal melanoma are two-layered. The first layer initiates tumours via a
common pathway in a nearly mutually exclusive manner, while the second layer progresses
tumours to confer different prognoses (Figure 1.1) (Reviewed by Bakhoum and Esmaeli,

2019).

BAP1, located on chromosome 3p21.1, is one such gene in which mutations affect prognostic
outcome. Although present in up to 33% of uveal melanoma tumours (Bakhoum and Esmaeli,
2019), inactivating mutations were present in 84% of metastatic uveal melanoma tumours
(Harbour et al., 2010). Furthermore, all samples with BAP1 mutations also exhibited loss of
chromosome 3, while 83.3% of all uveal melanoma samples with chromosome 3 monosomy
also showed additional mutations in BAP1 (Robertson et al., 2017), indicating a ‘two-hit’
model of inactivation. BAP1 is a tumour suppressive deubiquitinase, stabilising IP3R3 to
modulate calcium influx and induce apoptosis (Bononi et al.,, 2017). Furthermore, BAP1
interacts with and stabilises BRCA1 (Nishikawa et al., 2009) and contributes to DNA double
strand break repair (Ismail et al., 2014). With regards to metastasis, BAP1 depletion doubled

the rate of transmigration compared to control uveal melanoma cells (Onken et al., 2018).

Tumor-initiating mutations GNAQ GNA11 CYSLTR2 PLCB4

Prognostic mutations EIF1AX SF3B1/SRSF2 BAP1

Figure 1.1. The two layers of mutation associated with uveal melanoma. Mutations in genes associated with
proliferative G-protein signalling initiate tumorigenesis and occur in 98% of uveal melanoma tumours in a
mutually exclusive fashion from each other. Prognostic mutations are thought to progress the tumour via
different pathways and can occur either by monosomy 3 and BAP1 inactivation or disomy 3 and a combination
of SF3B1 or SRSF2 mutation with or without EIF1AX mutations (Bakhoum and Esmaeli, 2019).

EIF1AX mutations are seen in approximately 14-20% of uveal melanomas. They are associated
with class 1 tumours, good prognosis and are inversely associated with metastasis (Reviewed
by Helgadottir and Hoiom, 2016), but this may be because they are almost only ever seen in
disomy 3 tumours and are mutually exclusive to BAP1 loss (Martin et al., 2013). Although its

mechanism is unknown, the role of EIFIAX as an initiator of translation and its mutation



profile has led to the theory that it may alter how certain tumour suppressors are expressed

by alternative start codon recognition (Martin et al., 2013).

Mutations in SF3B1 and SRSF2 occur in 23% and 4% of uveal melanomas respectively, with
somatic copy number alteration profiles associated with each mutation implying a common
molecular pathway for the two (Helgadottir and Hoiom, 2016). Although mutations to these
genes are associated with good prognosis and low risk for metastasis, possibly due to rare
association with BAP1 loss and monosomy 3, they do also indicate a risk of late-onset

metastasis (Yavuzyigitoglu et al., 2016).

The strategy for treating uveal melanoma can be split into either removing the eye, known as
enucleation, or preserving the eye by treating it with surgery, radiation or laser therapy. A
randomised trial found that, after 12 years there is no difference in mortality between
enucleation and ?°lodine brachytherapy. These therapies are excellent in controlling the local
tumour, however, they do not reduce the chance of developing long-term metastasis, which
stands at 50% after 15 years. Amazingly, uveal melanoma cells have been found to be
circulating in the blood before the initial tumours are even clinically detectable (Reviewed by
Krantz et al., 2017). Furthermore, circulating primary uveal melanoma cells have been

identified as a prognostic factor for distant metastasis and survival (Schuster et al., 2007).

The long-term survival for patients of metastatic uveal melanoma is poor as it cannot be
treated with the same methods used to treat the primary tumours. Positivity was taken from
the successes of targeted and immunotherapy in cutaneous melanoma, but the mutations in
uveal melanoma are quite different; for example, BRAF mutations in uveal melanoma are very
rare (Rimoldi et al., 2003). Furthermore, the successes of immunotherapy in cutaneous
melanoma metastasis has been credited to the high frequency of coding mutations which give
rise to neoantigens (Van Allen et al., 2015), but in contrast uveal melanoma has a low
mutational burden (Krauthammer et al., 2012). Furthermore, IDO1 and TIGIT, two immune
checkpoint inhibitors which limit T-cell activity upon cancer cells, are among the most highly
expressed mRNAs in monosomy-3 metastatic uveal melanoma, and likely reduce efficacy of

anti-CTLA-4 or anti PD-1 inhibitors (Robertson et al., 2017).
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Figure 1.2. The Gea signalling pathway in uveal melanoma and the various attempts at inhibition of
downstream effectors. G-Protein Coupled Receptor signalling is mediated through a heterotrimer made up of
Ga and GBy. Activating GNAQ/GNA11 mutations cause constitutive activation of Ga, which activates
phospholipase C, the PI3K pathway, the YAP pathway and the MAPK pathway to induce proliferation. Therapies
targeting downstream effectors of GNAQ and GNA11 have so far had limited success. PFS — Progression Free
Survival. ORR — Overall Response Rate (Yang et al., 2018).

Surgery is generally the gold standard to treat uveal melanoma metastasis. However, only
10% of liver metastases are resectable and often present as multiple tumours in both hepatic
lobes. In non-resectable metastases, chemotherapy is used (Violanti et al., 2019). Various
chemotherapeutic agents adopted from cutaneous melanoma treatment are used on their
own or in combination therapy, but response rates range from 0% to 15%, and none have
been shown to increase survival rates (Yang et al., 2018). Furthermore, various targeted
therapies have been attempted, such as inhibition of the MAPK, PKC and PI3K pathways,
which are downstream of GNAQ/GNA11. Although response rates remain poor (Figure 1.2)
(Reviewed by Yang et al., 2018), direct inhibition of GNAQ/GNA11 has yielded an effective

pre-clinical inhibitor (Onken et al., 2018).



All in all, despite the many medical treatments available, no systemic therapy to suppress
metastasis has improved overall survival or reduced the risk of metastasis (Violanti et al.,
2019) and frankly, there has been no significant change in overall survival of uveal melanoma
patients between 1973 and 2008 (Singh et al., 2011). New therapeutic targets common to
primary and metastatic uveal melanoma, but dispensable in healthy cells, need to be
identified and exploited. Fortunately, the fact that centrosome amplification occurs in uveal

melanoma (de Almeida et al., 2019) may provide the perfect target.

10



1.2. Centrosome Amplification

Centrosomes are intracellular organelles made of a pair of orthogonally arranged centrioles
enveloped inside pericentriolar material that act as the main microtubule organising centres
in cells (Reviewed by Nigg and Raff, 2009). The centrosome replicates once during S-phase
under tight regulation to ensure that the cell only has two centrosomes during mitosis,
ensuring a bipolar spindle forms to accurately divide the genome in two during anaphase.
Beyond this, the centrosome is the dominant organelle in terms of nucleating and organising
microtubules during interphase, taking part in various functions including determining cell
polarity, assembling cilia and tasks specific to differentiated cells (Reviewed by Nigg and Raff,

2009).

The number of centrosomes in a cell can sometimes be found to be increased, termed
centrosome amplification. Such an increase in number arises from a variety of aberrant
processes including cytokinesis failure and cell-cell fusion where centrosome number and
genome number doubles. Centrosome amplification can also arise from de novo centriole
formation (Khodjakov et al., 2002), overduplication of centrioles (Denu et al., 2018) or even

through fragmentation of over-elongated centrioles (Marteil et al., 2018).

Centrosome Amplification Induces Tumorigenesis

Centrosome amplification is seen in a wide variety of cancers (de Almeida et al., 2019), and is
thought to translate to a greater risk for poor prognosis (Chan, 2011). As early as 1914,
Theodor Boveri hypothesised that extra centrosomes caused cancer (Boveri, 2008). Around
100 years later, evidence for this claim has begun to stack up. Initially, the consequences of
centrosome amplification were unclear, especially as in most cell types, extra centrosomes
were seen to be clustered into pseudo-bipolar spindles, allowing the cell to avoid a multipolar
mitosis and the high levels of aneuploidy that followed (Quintyne et al., 2005). Nevertheless,
it was still known that centrosome amplification drove chromosomal instability (Lingle et al.,

2002).

Overexpression of Plk4 in Drosophila produced cells in which 60% had centrosome

amplification (Basto et al., 2008). Although these flies showed developmental delay,

11



transformed adult flies were viable and fertile stocks were maintained for over 2 years, as the
extra centrosomes were clustered into pseudo-bipoles by the action of Ncd (Drosophila
homologue of human KIFC1). Although these flies showed no obvious tumour growth in
themselves, partly since very little cell division occurs in adult flies and few mutations cause
cancer in Drosophila, transplantation assays into adult flies formed tumours, and several
injected hosts formed multiple tumours originating from the primary transplanted cells. On
the contrary, wild type cell transplantation was not associated with any tumour formation.
Interestingly, when using neural progenitor cells, centrosome amplification interfered with
asymmetric division during development, causing genomic instability (Basto et al., 2008).
However, similar transplantation experiments using wing tissue with centrosome
amplification also caused tumorigenesis, which is important as wing tissue does not contain

asymmetrically dividing cells (Sabino et al., 2015).

On the other hand, centrosome amplification in mammalian embryonic neural progenitor
cells resulted in microcephaly due to aneuploidy-mediated cell death but did not cause
tumorigenesis. However, this was attributed to inefficient clustering mechanisms and p53-
mediated apoptosis (Marthiens et al., 2013). Furthermore, centrosome amplification in the
skin of mice did not induce tumorigenesis, even with p53 inactivation (Vitre et al., 2015).
However, doxycycline-inducible Plk4 overexpression-mediated centrosome amplification did
induce tumorigenesis in mice but did not affect progression (Levine et al., 2017). Interestingly,
although centrosome amplification did induce aneuploidy, it did not increase DNA damage or
tetraploidisation above levels observed in wild type cells. Truncation of one APC tumour
suppressor allele coupled with Plk4 overexpression accelerated intestinal tumour
development in mice, produced larger and more numerous tumours and increased the
likelihood of inactivation of the remaining APC allele (Levine et al., 2017). Similarly, Plk4Pox
mice which were fed doxycycline (doxy) developed spontaneous tumours sooner than wild
type mice, and when the p53 status was analysed, it was found that tumours with centrosome
amplification showed a wide range of p53 inactivation and downstream p53 signalling

pathway downregulation (Levine et al., 2017).

This experiment further proved the theory that centrosome amplification caused aneuploidy,
and, in time, that aneuploidy would inactivate p53 pathways, allowing tumorigenesis. This is

a reasonable theory, as it has been found that centrosome amplification arises as early as the
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premalignant condition, but expansion of centrosome amplification and acceleration of
progression relies on p53 repression (Lopes et al., 2018). Lending further credence to this is
the demonstration that centrosome amplification induces low level chromosomal instability

capable of pushing cancer cell evolution (Ganem et al., 2009), (Silkworth et al., 2009).

Centrosome Amplification Induces Chromosomal Instability

Initially, it was thought that centrosome amplification drove tumour evolution through
aneuploidy arising from multipolar mitosis (Reviewed by Nigg and Raff, 2009). However, it
was demonstrated that this theory had not considered that multipolar mitosis compromises
cell fitness. Of the squamous cell carcinoma cells analysed that attempted multipolar mitosis,
only 20% successfully completed division, with the rest dying in mitosis, interphase or
undergoing cell cycle arrest (Ganem et al., 2009). Of the few that successfully divided, none
managed to divide again, with most dying in interphase. In comparison, cells of the same cell
line which underwent bipolar mitosis successfully divided 94% of the time in the first round
and 90% of the time in the second round. Furthermore, the frequency of multipolar mitoses
did not match the observed rates of chromosomal instability observed in other cell lines. This
meant that multipolar mitosis could not account for the chromosomal instability seen due to
centrosome amplification, as it occurred too infrequently and left no viable progeny (Ganem

et al., 2009).

The alternative mechanism put forward was that during mitosis, cells with centrosome
amplification form “transient multipolar intermediates” before clustering centrosomes, and
that intermediate arrangement predisposes such cells to form attachments where two or
more centrosomes attach to the same chromatid, called merotelic attachments (Ganem et
al.,, 2009), which are known to cause lagging chromosomes and chromosomal instability
(Thompson and Compton, 2008). Observation of such cells showed that they did spend a long
part of mitosis in a transient multipolar configuration, and high-resolution microscopy
showed that they also formed many merotelic attachments. Furthermore, the increased rate
of lagging chromosomes, the result of merotely, drastically increased in multipolar cells,
implying that merotelic attachments are enriched in cells that take a multipolar shape (Ganem

et al., 2009).
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Merely a month later, it was published that colorectal cancer cells which rarely underwent
multipolar anaphase but did form multipolar intermediates earlier in mitosis also had
merotelic enrichment (Silkworth et al., 2009). Furthermore, the presence of extra
centrosomes correlated with up to a ten-fold increase in lagging chromosomes during bipolar
anaphase. Artificial centrosome amplification in normal, chromosomally stable cells also
increased the frequency of lagging chromosomes and missegregation up to eight-fold, while
subsequent restoration of normal centrosome number then reduced the frequency of lagging
chromosomes to wild type levels (Ganem et al., 2009). An alternative source of chromosomal
instability in cells with centrosome amplification also observed was that a single chromosome
would make proper kinetochore attachments and bi-orient between two centrosomes, which
would then cluster to the same pole upon anaphase. However, these represented a tiny
fraction of the merotely-induced lagging chromosomes (Ganem et al., 2009). Collectively,
these findings suggested that centrosome amplification was capable of inducing chromosome

instability.

Centrosome Amplification Contributes to Poor Cancer Outcomes

Aside from initiating cancer, the ongoing chromosomal instability associated with centrosome
amplification has been linked with poor disease prognosis. For example, centrosome
amplification is associated with poor overall and recurrence free survival. It is also associated
with high risk cancer subtypes, along with higher grade and stage (Chan, 2011). Furthermore,
induction of centrosome amplification by doxy-inducible Plk4 caused de-differentiation and

stem cell-like marker expression (Denu et al., 2016).

Centrosome amplification has also been linked with metastatic disease in patient samples.
This was supported by migration assays in which cells with amplified centrosomes had a
higher displacement and migration velocity. Similar results were observed in wound healing
and Boyden chamber assays by both genetic and chemical induction of centrosome

amplification, upon which vimentin was found to have increased (Pannu et al., 2015a).

A mechanism to explain the invasiveness of cancers with centrosome amplification may be
that cancer cells with Plk4-mediated centrosome amplification are observed to form

protrusions that invade the surrounding matrix (Godinho et al., 2014). Furthermore, an assay
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for fibroblast-lead migration showed that almost every single cell found to be invasive
contained extra centrosomes. Cells with centrosome amplification were also shown to be
invasive in 3D cultures as opposed to control cells. (Godinho et al., 2014) Strikingly, the
collective nature of invasion where an initial protrusion provided a track for many subsequent
cells into the extracellular matrix resembled invasiveness in vivo. The fact that invasive cells
with centrosome amplification retained E-cadherin indicated that the invasiveness was not
due to epithelial to mesenchymal transition (EMT) which, along with the collective invasion
phenotype, resembled ErbB2 oncogene-mediated invasiveness (Godinho et al., 2014).
Furthermore, cells with centrosome amplification produced defective cell-cell junctions,
allowing them to scatter after mitosis instead of forming cell-cell contacts like cells with
normal centrosome number. Such an invasive phenotype associated with centrosome
amplification was found to be due to overactivation of Racl, an invasive and metastatic
oncogene, independent of EGF signalling. Furthermore, a Racl antagonist, RhoA, was found
to be under activated. Reversal of invasive phenotypes by Racl inhibition compounded that
Racl activity was a key driver of centrosome amplification induced cellular invasion (Godinho

et al., 2014).

Figure 1.3. Coping with Amplified Centrosomes. A cell with normal numbers of centrosomes will undergo bipolar
mitosis, where a 4N genome is split equally into two daughter cells (left). A cell with centrosome amplification
and the ability to cluster its centrosomes will do so to undergo pseudo-bipolar mitosis, where a 4N genome will
be split between two daughter cells (centre). A cell with centrosome amplification without the ability to cluster
the centrosomes will undergo multipolar anaphase, where a 4N genome is split 3 or more ways, causing massive
aneuploidy and cell death (Kramer et al., 2011).
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Although centrosome amplification provides cancer cells with a wealth of mechanisms for
evolution and adaptation, the presence of more than two centrosomes can lead to the
possibility of multipolar mitosis, anaphase and cell division. The result would be that a 4N
genome is spit 3 or more ways into 3 or more daughter cells which would therefore have huge
aneuploidy and are likely to die (Ganem et al., 2009). Cancer cells displaying centrosome
amplification therefore require a mechanism to regulate their amplified centrosomes during
mitosis. Centrosome clustering is the most common and well-studied of these mechanisms,
whereby cells gather their supernumerary centrosomes into just two poles, allowing for the

formation of a pseudo-bipolar mitotic spindle for the cell to divide in two (Figure 1.3).

The mechanism for clustering of centrosomes is multifaceted, and spans regulation by the
spindle assembly checkpoint (SAC), cooperation between actin and microtubule forces and
associations between mitotic microtubules and motor proteins (Reviewed Kramer et al., 2011
and Ogden et al.,, 2012). Generally, centrosome clustering describes how multiple
microtubule organising centres (MTOCs) are clustered together during prometaphase, such
that come metaphase, a pseudo-bipolar spindle has formed. The first genome wide screen to
identify proteins required for centrosome clustering carried out in Drosophila found that the
“top hit” was Ncd, a kinesin-14 motor protein homologous to the human kinesin-14 KIFC1

(Kwon et al., 2008).
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1.3. KIFC1

Kinesin-14 family member C1, widely known as KIFC1 but also known as hsKIFC1 or HSET in
Homo sapiens, Ncd in Drosophila melanogaster and XCTK2 in Xenopus laevis, is a member of
the Kinesin-14 microtubule motor protein family and is among the most widely studied

kinesins (She and Yang, 2017).

In cells with no centrosomes, such as oocytes, KIFC1 is known to be essential for ensuring
pseudo-bipolar mitosis (Mountain et al., 1999). Furthermore, KIFC1 is functionally expressed
in sperm cells (Xiao et al., 2017). However, its function in normal cells is not known. In somatic
cells with normal numbers of centrosomes, KIFC1 seems relatively dispensable, as KIFC1
depleted cells produced shorter and less focused poles, likely due to loss of outward forces,

but did not affect mitosis or chromosomal segregation (Cai et al., 2009).

Like all kinesin-14s, KIFC1 has 3 functional domains; an N-terminal tail, a central coiled coil
stalk and a C-terminal motor domain (Figure 1.4). The motor domain contains the ATPase
catalytic core and microtubule-binding sites. Adjacent to the catalytic core, the conserved
neck region acts as a transducer to transfer energy from ATP hydrolysis into movement and

regulates lever rotations and step size (Hallen et al., 2011).

MTOC localization Directional motility ~ATPase cycle

i ; Cargo binding / /
MT-binding site ’ S Dimerization Neck linker Catalytic core MT-binding site — Tail domain
NLS P Z. f 1T =

| : B
|

—— Motor domain

L “' L
N-terminal tail domain Coiled-coil stalk C-terminal motor domain

Kinesin-14 motors Structural domains

Figure 1.4. Schematic Representation of KIFC1 Structural Domains. KIFC1 has 3 domains. The C-terminal motor
domain contains a microtubule binding site which is manipulated by the neck linker, which is powered by the
ATPase catalytic core. The coiled coil stalk allows dimerization while the N-terminal tail domain diversifies
function and localises KIFC1 to the nucleus, the microtubule organising complexes and uniquely, allows KIFC1 to
bind positive ends of microtubules (She and Yang, 2017).

The N-terminal tail end of KIFC1 is crucial in diversifying kinesin function. For example,
positively-charged residues in the tail region of Ncd were shown to act as an “electrostatic

tether” to microtubules (Furuta and Toyoshima, 2008), while mouse KIFC1 was found to have
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a 19-residue sequence that targets the tail to membrane-bound organelles (Goshima et al.,
2005). Furthermore, a study involving 26 different KIFC1 tail, stalk and neck-motor chimeras
found that although distinct functions exist between interspecies KIFC1 homologues, function
was regulated by the tail domain. Interestingly, it was found that human KIFC1 shared
functional overlap with other KIFC1s and was interchangeable with the S. pombe homologue

(Simeonov et al., 2009).

An interesting feature of the tail domain unique to KIFC1 is that it has been shown to be able
to associate with the positive ends of microtubules by interaction with EB1, mediated
between the evolutionary conserved Serine-X-Isoleucine-Proline (SxIP) motif of KIFC1, and
the EB homology domain of EB1. This means that KIFC1 can bind two antiparallel microtubules
at opposite ends (Braun et al., 2013). Although the underlying function of this is not known,
it has been hypothesised that positive-end binding is required for search and capture of
kinetochore microtubules, thus allowing their transport to the spindle pole (Goshima et al.,
2005). Importantly, it is this function that is thought to allow KIFC1 to cluster extra
centrosomes into bipolar spindles, thus playing a role in avoiding aneuploidy in certain cancer

cells (Reviewed by Xiao and Yang, 2016).
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1.4. The Role of KIFC1 in Cancer

KIFC1 Provides A Selective Advantage to Cancer Cells with Extra Centrosomes

The link between KIFC1 and cancer was first reported in a genome-wide RNAI screen in near-
tetraploid Drosophila cells with amplified centrosomes showing a reliance on Ncd (KIFC1
homologue) to efficiently suppress multipolar mitosis and subsequent aneuploidy-induced
apoptosis (Kwon et al., 2008). Secondary analysis showed that KIFC1 knockdown increased
the frequency of multipolar mitosis and depleted cell viability by >90% in N1E-115
neuroblastoma cancer cells, a cell line where nearly 100% of cells harbour amplified
centrosomes. Most of the cells underwent apoptosis, while most of the remaining cells
entered senescence (Kwon et al., 2008). Similar results were seen in three human breast
cancer cell lines, with the extent of cell death proportional to the extent of centrosome
amplification. The importance of these findings was underscored by the fact that cells with

normal centrosome numbers were barely affected by KIFC1 knockdown (Kwon et al., 2008).

KIFC1 clusters amplified centrosomes by two mechanisms related to spindle-pole focusing.
Firstly, KIFC1 contains a microtubule binding site at its N-terminus, as well as its C-terminal
motor domain (Braun et al., 2013). This allows it to cross-link neighbouring microtubules.
Coupled to its minus-end directed activity, this leads to the focusing of spindle pole minus
ends and hence clustering of neighbouring microtubules and their attached centrosomes
(Figure 1.5). Secondly, in conjunction with CEP215, KIFC1 acts as a tether between
microtubule minus ends and centrosomes (Chavali et al., 2016), again allowing for

centrosomes to be clustered as microtubule minus ends are focused at spindle poles.
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A. Normal Centrosome Number, With KIFC1

B. Normal Centrosome Number, Without KIFC1

C. Amplified Centrosome Number, With KIFC1

D. Amplified Centrosome Number, Without KIFC1

Massive Aneuploidy
and Cell Death

Metaphase Anaphase Interphase

Figure 1.5. The Context Dependent Reliance Upon KIFC1. A) In normal cells with normal centrosome (red)
number, KIFC1 is involved with assembling a focused microtubule spindle (blue) and provides outwards pushing
force antagonistic to the inward pulling force of Eg5. This produces a focused spindle amid chromosomal (green)
stability. B) In normal cells with KIFC1 ablation, the lack of KIFC1-mediated outward forces produces a broad,
shortened and less focused spindle, but mitosis will still occur amid chromosomal stability. C) Cells with
centrosome amplification will form a “transient multipolar intermediate” before anaphase, allowing merotelic
attachments to form. An anaphase delay would allow KIFC1 to pull centrosomes towards each other by interpolar
microtubules (yellow) to form a pseudo-bipolar spindle. In the process, merotelic attachments would cause low
level aneuploidy, lagging chromosomes and micronuclei. In this case, cells are still viable but have background
aneuploidy, which could be considered beneficial for cancer cells. D) Cells with amplified centrosomes and KIFC1
depletion will also form “transient multipolar intermediates” but will not be able to cluster their centrosomes
before anaphase, and so the genome would be sheared into more than two parts, causing massive aneuploidy,
cell cycle arrest and cell death.
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KIFC1 may also contribute to centrosome clustering by non-direct mechanisms. For example,
a functional SAC, allowing for a delay in anaphase if chromosomes are not aligned, is thought
to be critical during centrosome clustering (Kwon et al., 2008). An anaphase delay would likely
give KIFC1 the required time to cluster the multipolar intermediate to a pseudo-bipolar
spindle. Such an anaphase delay would be mediated by deregulation of the SAC upon KIFC1
knockdown (Pannu et al., 2015b). Upon mitotic exit, KIFC1 is needed no more and thus is
degraded by ubiquitination, possibly by binding to APC/C via its D-box before degradation by
the 26s proteasome (Min et al., 2014). By such centrosome clustering, KIFC1 rescues cancer
cells from large scale aneuploidy and cell death (Kwon et al., 2008), while allowing them to

maintain a consistent source of genomic instability (Ganem et al., 2009).

KIFC1 is Overexpressed in Many Cancers

Following on from these findings, it is no surprise that KIFC1 has been shown to be
overexpressed at the mRNA and protein levels in a wide variety of cancers by a wide variety
of methods. For example, analysis of single-channel microarray data from the Gene
Expression Omnibus database found a more than five-fold increase in KIFC1 expression in
breast cancer over normal tissue matched to the same patients, and three-fold increases in
glioblastoma and colon cancer patients (Pannu et al., 2015b). An exhaustive, in-depth search
of the available literature showed that KIFC1 overexpression has been demonstrated in
multiple stages of a whole host of cancers when compared to matched and unmatched
normal tissue and cell lines of the same organs, outlined in Table 1.

Table 1.1. An exhaustive list of reports of KIFC1 overexpression sorted by cancer type, including the technique(s)

used to verify overexpression and the papers in which this was reported. IHC -Immunohistochemistry. gPCR —
quantitative Polymerase Chain Reaction. FISH — Fluorescence In Situ Hybridisation.

Cancer Type Technique Reference
Meningioma Microarray (Jungwirth et al., 2019)
Prostate Cancer gPCR (Sekino et al., 2019)

Western Blotting

gPCR (Sekino et al., 2017)
IHC
Hepatocellular Database analysis (TCGA), Western Blotting, qPCR (Teng et al., 2019)

Carcinoma
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Database analysis (TGCA)
gPCR
Database analysis (TGCA)

IHC
Database analysis (GEPIA)

Database analysis (TGCA)

(Shi et al., 2018)

(Han et al., 2019)

(Fu et al., 2018)

(Chen et al., 2017)

Breast Cancer (TNBC)

Breast Cancer

Microarray

Database analysis (COSMIC, Membranome,
Druggable Genome, Secretome, CAN genes, Kinome)

gPCR
Western Blotting

Database Analysis (GEO)
FISH
Western Blotting

(Patel et al., 2018)

(Li et al., 2015)

(Pannu et al., 2015b)

Renal Cell Carcinoma

IHC
gPCR
Western Blotting

(Li et al., 2018)

Testicular Cancer gPCR (Xiao et al., 2017)
(Seminoma) Western Blotting

IHC
Oesophageal Squamous | IHC (Imai et al., 2017)

Cell Carcinoma

Lung Cancer (Non-Small
Cell Lung Carcinoma)

Lung Cancer

Database analysis (Oncomine)
gqPCR

IHC

Western Blot

Database Analysis (GEO)

(Liu et al., 2016)

(Pannu et al., 2015b)

Gastric Cancer Microarray (Oue et al., 2016)
gPCR (zhang et al., 2016a)

Ovarian Cancer Microarray (Mittal et al., 2016)
IHC

Database Analysis (GEO, TGCA)

(Pawar et al., 2014)

Glioblastoma

Database Analysis (GEO)

(Pannu et al., 2015b)

Colon Cancer

Database Analysis (GEO)

(Pannu et al., 2015b)

Cervical Cancer

Database Analysis (GEO)

(Pannu et al., 2015b)
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One mechanism of KIFC1 transcriptional deregulation could lie with gene amplification.
Analysis of a TNBC breast cancer cohort and database data showed correlation between
increased KIFC1 expression and copy number (Patel et al., 2018). Furthermore, FISH of two
bacterial artificial chromosome probes, one to the KIFC1 gene locus and the other to the
nearby centromere of chromosome 6 showed KIFC1 copy number increases relative to
centromere copy number in three of four breast tumours sampled. Meanwhile, matched
paracancerous tissue displayed no amplification whatsoever. Only 5% KIFC1 copy number
increases were due to chromosome 6 polyploidy, defined as more than two copies of each
locus at a 1:1 ratio, while 38% of cells counted harboured three or more copies of KIFC1
relative to one or two copies of the centromere. Such gene amplifications also correlated with

KIFC1 protein expression increases shown by Western blotting (Pannu et al., 2015b).

Aside from gene amplification, KIFC1 overexpression could also occur by increased induction
of the KIFC1 gene. Evidence exists that KIFC1 is a downstream target of the oestrogen
signalling system. KIFC1 overexpression in serous ovarian adenocarcinomas was found to
correlate with high expression of E2F1, E2F2 and E2F3 transcription factors (Mittal et al.,
2016), while E2F8 expression correlates with KIFC1 overexpression in TNBCs. Incidentally, an

E2F8 binding site was found upstream of the KIFC1 gene (Patel et al., 2018).

In oestrogen-receptor positive breast cancer cells, stimulation with E2 (oestrogen 17- B
oestradiol) was shown to induce a seven-fold increase in KIFC1 expression, along with varying
up and downregulations in 37 other kinesins (Zou et al., 2014). More specifically, it seemed
that KIFC1 was acted upon by AAA Nuclear Coregulator Cancer-Associated (ANCCA). ANCCA
is an AAA+ ATPase in the oestrogen signalling system, ectopic treatment of which induced
strong KIFC1 upregulation, even in the absence of E2. Conversely, suppression of KIFC1
expression was seen in ANCCA-suppressed cells, even after E2 treatment (Zou et al., 2014).
Chromatin immunoprecipitation (ChIP) demonstrated that ANCCA occupied kinesin
promoters in the absence of E2 but showed a marked increase in occupancy upon E2
treatment, indicating both oestrogen dependent and independent activation of kinesin
expression. ANCCA was also required for E2-dependent recruitment of E2F1 and MLL1, a
H3K4 histone methylase, to the kinesin promoters (Zou et al., 2014). This is important as
trimethylation of H3K4 to H3K4me3 is important for assembly of the RNA polymerase Il pre-

initiation complex (Zou et al., 2014).
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KIFC1 is also a downstream transcriptional target of p110CUX1, revealed by ChIP in breast
cancer and Hela cells and elegantly verified in three complementary experiments (Sansregret
et al.,, 2011). p110CUX1 was shown to be able to bind the KIFC1 promoter, and KIFC1
expression increased 2.3-fold after p110CUX1 overexpression. KIFC1 expression then fell
when p110CUX1 was suppressed by a doxy-inducible shRNA. Upon reduction of shRNA
expression by removal of doxycycline, KIFC1 expression showed a greater than nine-fold

increase (Sansregret et al., 2011).

p110CUX1 requires E2F factors to exert transcriptional effects (Truscott et al., 2008). This was
first indicated by the observation that p110CUX1 binding sites on DNA also held E2F binding
sites close by, and that mutants keeping wild-type E2F from binding DNA significantly reduced
p110CUX1-mediated transcription, using POLA1 as the reporter gene. Furthermore, affinity
chromatography and coimmunoprecipitation showed that p110CUX1 weakly interacted with
E2F1 and E2F2, while ChIP showed drastic increases in E2F1 and E2F2 binding to DNA upon
overexpression of p110CUX1 (Truscott et al., 2008).

Taken together, it is likely that upon E2 induction, more ANCCA binds to the KIFC1 promoter
thus increasing recruitment of MLL1 and E2F1. This increases p110CUX1 binding, which in
turn increases MLL1 and E2F1 binding. MLL1-mediated methylation allows the assembly of
the RNA polymerase Il pre-initiation complex, thus inducing KIFC1 transcription. More
research is required to elucidate further details of this pathway. Nevertheless, it is important
to note that E2Fs (Reviewed by Kent and Leone, 2019), p110CUX1 (Reviewed by Sansregret
et al., 2011) and ANCCA (Zou et al., 2014) are all overexpressed in cancer.

KIFC1 Expression Negatively Affects Patient Prognosis

As KIFC1 is often found to be overexpressed in cancer, it is logical to suspect that its expression
may affect clinical outcome. Incidentally, out of the 15 published studies (at the time of
writing) to address the relationship between KIFC1 and cancer prognosis, only two found no
significant association. In breast cancer, KIFC1 expression was shown to exhibit no association
between extent of cancer spread to nodes and extent of metastasis (Li et al., 2015), while
observation of 132 squamous cell carcinomas (SCCs) showed KIFC1 expression was not

associated with survival, even though 75% of samples showed KIFC1 overexpression (Imai et
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al., 2017). This implies that KIFC1 may simply be involved in pathogenesis but not progression
of SCC.

On the contrary, a large body of evidence across various cancers shows an inverse correlation
between KIFC1 levels and prognosis (Table 2). For example, higher KIFC1 expression has been
associated with lower progression free survival, disease free survival, recurrence free survival,
relapse free survival, distant metastasis free survival and overall survival. Patients
overexpressing KIFC1 are also more two times less likely to survive in renal cell carcinoma (Li
et al., 2018), or three times less likely to survive in TNBC (Ogden et al., 2017). Furthermore,
increased KIFC1 expression is also associated with increased likelihood of relapse (Sekino et
al., 2017), higher grade (Table 2) and shorter time for recurrence (Fu et al., 2018). Incidentally,
this raises the possibility of KIFC1 expression to be used as a prognostic biomarker. Out of a
panel of 21 TNBC biomarkers, KIFC1 expression significantly correlated with only Ki67
expression in Caucasian patients, and showed no correlation in African American patients,
suggesting that KIFC1 isn’t simply a surrogate biomarker (Ogden et al., 2017). Furthermore,
KIFC1 has been proposed as a prognostic biomarker in various other cancer types (Table 2).

Table 1.2. An exhaustive list of reports of negative prognostic measurements associated with KIFC1

overexpression and the papers in which this was reported. References with an asterisk (*) recognise
KIFC1 as a potential prognostic biomarker.

Cancer Type Prognostic Measurement Reference
Meningioma Higher Grade (Jungwirth et al., 2019)
Hepatocellular Reduced Overall Survival, Disease Free Survival (Teng et al., 2019)*
Carcinoma
Reduced Overall Survival (Shi et al., 2018)
Reduced Overall Survival, Disease Free Survival (Han et al., 2019)
Reduced Overall Survival, Disease Free Survival (Fu et al., 2018)*
Reduced Overall Survival, Higher Grade (Chen et al., 2017)*
Renal Cell Carcinoma Overall Survival, Disease Free Survival, Higher | (Lietal.,, 2018)*
Grade, Increased Recurrence
Breast Cancer (TNBC) Reduced Overall Survival, Progression Free Survival, | (Ogden et al., 2017)*
Distant Metastasis Free Survival
(Pannu et al., 2015b)*
Reduced Overall Survival, Progression Free Survival
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Breast Cancer Higher Grade (Pannu et al., 2015b)*

Prostate Cancer Reduced Relapse Free Survival (Sekino et al., 2017)

Lung Cancer (Non-Small | Reduced Overall Survival, Progression Free Survival | (Liu et al., 2016)*
Cell Lung Carcinoma)

Ovarian Cancer Reduced Overall Survival, Higher Grade (Mittal et al., 2016)*

Reduced Overall Survival, Higher Grade (Pawar et al., 2014)*

KIFC1 Enhances Proliferation in Cancer Cells

Although clustering amplified centrosomes to avoid multipolar mitosis is clearly an important
evolutionary advantage to cancer cells, the fact that KIFC1 overexpression was the second
highest predictive factor of lung cancer metastasis to the brain, second only to N-Cadherin
(Grinberg-Rashi et al., 2009), and the supposed role of KIFC1 in docetaxel resistance (De et
al., 2009) suggests multiple likely roles for KIFC1 in cancer which were not initially
appreciated. The link between KIFC1 and altered proliferation and cell cycle regulation was
first uncovered by analysis of KIFC1 expression networks in ovarian adenocarcinomas to
produce a protein interactome. KIFC1 was predicted to interact directly with a variety of
proteins involved in progressing the cell cycle and mitosis, including PRC1 (cytokinesis), CDC20
(activates APC/C), CDK1 (cell cycle progression), PLK1 (cell cycle progression), TPX2 (spindle
microtubule assembly), NUSAP1 (spindle microtubule assembly) and MAD2L1 (spindle
assembly checkpoint), along with a variety of mitotic kinesins (Pawar et al., 2014). A similar
suite of genes was also associated with KIFC1 overexpression in a study in 2016 (Mittal et al.,

2016).

Further exploration by overexpression of KIFC1 with transfection of active GFP-KIFC1 into
Hela cells resulted in increased proliferation with a cell doubling time of 11h compared to
16h in control cells. Furthermore, cells overexpressing KIFC1 were more able to form viable
colonies compared to control cells, and even more so when compared to cells with KIFC1
knockdown (Pannu et al., 2015b). Although no further KIFC1 overexpression studies have
been reported, a variety of KIFC1 knockdown studies have shown decreases in cell viability in

breast cancer (Li et al., 2015), Non-small cell lung carcinoma (NSCLC) (Liu et al., 2016),

26



prostate cancer (Sekino et al., 2017), testicular cancer (Xiao et al., 2017) and hepatocellular

carcinoma (HCC) (Fu et al., 2018).

This data was supported by the observation that higher levels of KIFC1 induced higher
expression of Ki67, cyclins A and D, Aurora B kinase (Pannu et al., 2015b), Aurora A kinase,
cyclin E, centrin-2 (Li et al., 2018), PCNA and cyclin B1 (Chen et al., 2017), as well as higher
BrdU incorporation into the DNA, indicating a higher proportion of cells going through S-
phase. Higher phosphorylated CDK1 and phosphorylated Histone-H3 expression was also

observed, indicating a higher proportion of cells also entered M-phase (Pannu et al., 2015b).

The role of KIFC1 in cancer cell proliferation was further illustrated by in vivo studies in mice
in which renal cell carcinoma (RCC) cells transfected with either control or KIFC1 siRNA were
subcutaneously injected into mice (Li et al., 2018). After 35 days, tumour tissues isolated from
mice injected with cells with KIFC1 knockdown had a significantly reduced volume and weight
when compared to cells expressing normal levels of KIFC1, showing that KIFC1 had a positive
effect on tumour growth in vivo. Interestingly, PI3K and p-AKT expression was much lower in
tumour tissue with KIFC1 knockdown, indicating that KIFC1 may regulate tumour growth by
the PI3K/AKT pathway (Li et al., 2018). This was supported by the fact that KIFC1 knockdown
in HCC cells also decreases levels of activated p-AKT and p-PI3K (Fu et al., 2018).

Interestingly the upregulation of Aurora B kinase and HIFla observed upon KIFC1
overexpression, but no decrease upon KIFC1 knockdown, prompted Pannu et al. (2015a) to
posit that KIFC1 forms an “oncogenic axis” with Aurora B kinase and HIF1a, which are both
classical oncogenes. The fact that KIFC1 knockdown did not decrease Aurora B kinase and
HIF1lo implied that KIFC1 was not normally a regulator of such proliferative pathways, rather

it had gained oncogenic function in cancer cells (Pannu et al., 2015b).

KIFC1 Alters Cell Cycle Kinetics in Cancer Cells

To investigate the possible proliferation-enhancing role of KIFC1, cell cycle dynamics were
assessed. Hela cells with artificial KIFC1 overexpression showed a marked decrease in the
time taken to complete the cell cycle compared to control cells, 10.5h vs 13h respectively,

which arose from the shortening of G2/M. This was supported by the fact that cyclin B1
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expression, which induces the G2/M transition, peaked at 8 hrs in KIFC1 overexpressing cells
and 10 hrs in control cells. Cells with KIFC1 knockdown took 14 hrs to complete the cell cycle,
mediated by a longer G2/M phase (Pannu et al., 2015b). This was mirrored in fibroblasts by
the fact that KIFC1 knockdown delayed by 2 hrs the degradation of Cyclin A (Kim and Song,
2013), which is degraded throughout the G2/M and is completely degraded at mitotic exit
(Yam et al., 2002). Incidentally, overexpression of KIFC1 in Hela cells did not change the

proportion of cells transitioning between G1 and S-phase (Pannu et al., 2015b).

The role of KIFC1 in the cell cycle was further validated in RCC cell lines (Li et al., 2018) and
NSCLC cell lines where knockdown of KIFC1 arrested those cells in G2/M phase. This was
explained by the fact that KIFC1 knockdown reduced CDK1 expression and increased p21
expression (Liu et al., 2016). This is important as CDK1 complexes with cyclin B1 to form
Maturation Promotion Factor (MPF), which induces transition between G2 and M phases,
while p21 inhibits the kinase activity of MPF (Abbas and Dutta, 2009). Interestingly, MPF
stabilises KIFC1 concentrations in the cell by phosphorylating it at Ser6, protecting KIFC1 from
degradation by APC/C (Singh et al., 2014), possibly indicating a positive feedback loop
between KIFC1 stabilisation and MPF expression. This would make sense as KIFC1 is stabilised
by MPF-mediated phosphorylation, while it is destabilised upon MPF inhibition (Reviewed by
Xiao and Yang, 2016). In contrast to NSCLC and RCC cells, however, HCC cells overexpressing
KIFC1 were reported to show no discernible change in cell cycle distribution upon KIFC1

knockdown (Fu et al., 2018).

Nevertheless, faster progression through G2/M upon KIFC1 overexpression, and the opposite
upon knockdown, raised the possibility that the G2/M checkpoint and Spindle Assembly
Checkpoint (SAC) may become compromised upon KIFC1 overexpression. One critical
component of the SAC is the Mad1-Mad?2 axis, imbalances in which result in effects ranging
from mitotic arrest to mitotic acceleration (Schuyler et al.,, 2012). For example, Mad1l
overexpression with no corresponding increase in Mad2 in Xenopus extracts removed SAC
function altogether (Chung and Chen, 2002). In Hela cells, KIFC1 overexpression caused a
significant increase in Mad1 expression, while leaving Mad2 levels unaffected (Pannu et al.,
2015b). The accelerated progression into anaphase, even in the presence of spindle fibres not
under tension, likely causes low-level aneuploidy, all mediated by an impaired SAC. This is

very interesting because Mad1 is a downstream transcriptional target of p110CUX1 (Harada
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et al., 2008), a transcriptional activator of KIFC1 (Sansregret et al.,, 2011). Although the
possibility exists that KIFC1 and Mad1 are coincidentally both downstream targets of a
classical oncogene, the observed increase in Madl upon artificial KIFC1 overexpression

(Pannu et al., 2015b) indicates a degree of positive feedback.

KIFC1 Inhibits Apoptosis and Increases Survival Signalling in Cancer Cells

Tumour growth relies on both maximising proliferative activity while also minimising
apoptosis. Having shown that KIFC1 overexpression enhances cell proliferation, while
knockdown hinders it, it was also noticed that KIFC1 overexpression in Hela cells significantly
enhanced survival by increasing survivin and Bcl-2 expression (Pannu et al., 2015b), both of
which are anti-apoptotic proteins. However, KIFC1 knockdown did not decrease the levels of
survivin and p-survivin, with levels remaining comparable to those observed in control cells.
This prompted the authors to suggest that KIFC1 overexpression “thrusts survival signalling
into an ‘overdrive’ mode”, supported by the fact that IHC staining of clinical samples showed
nuclear KIFC1 Weighted Index (WI) correlated strongly with survivin Wi and Ki67 WI (Pannu
et al.,, 2015b). However, increased Bax expression (pro-apoptotic) and decreased Bcl-2
expression was observed upon KIFC1 knockdown in gastric cancer cells (Zhang et al., 2016a).
The same was observed in HCC cells and prostate cancer cells, where KIFC1 knockdown
prompted decreased Bcl-2 expression while increasing the proapoptotic Bax, p53 (Fu et al.,
2018), c-PARP and cleaved caspase-3 expression (Sekino et al., 2019). Experiments in HCC
cells also mirrored the trend that KIFC1 expression positively affected a cell’s survival, as flow
cytometry data showed marked increases in the rate of apoptosis upon KIFC1 knockdown (Fu

et al.,, 2018)

Such KIFC1-mediated increases in survival expression were shown to translate to physiological
effects in breast cancer cells exposed to UV-C radiation, as cells with KIFC1 knockdown
showed much higher levels of cleaved caspase-3, a marker for apoptosis, when compared to
control cells. Furthermore, cells overexpressing KIFC1 showed reduced levels of caspase-3,
indicating that KIFC1 mediates promotion of cancer cell survival. This was correlated by cell
viability assays after UV-C radiation, where cells overexpressing KIFC1 showed greater growth

than those with KIFC1 knockdown (Pannu et al., 2015b).
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The increased survivin expression upon KIFC1 overexpression indicated a possible interaction
between KIFC1 and survivin (Pannu et al., 2015b). Co-immunoprecipitation of whole cell
lysates in cells that either overexpressed KIFC1, had KIFC1 knockdown or expressed wild-type
levels of KIFC1 showed that anti-KIFC1 antibody co-precipitated survivin in all three
conditions, while anti-survivin antibody co-precipitated KIFC1. The levels of survivin were
drastically increased in cells overexpressing KIFC1, while KIFC1 knockdown had little effect
compared to control cells. This suggested that KIFC1 interacts in a complex with survivin

(Pannu et al., 2015b).

Since the effect of survivin is regulated by ubiquitination and degradation in a cell-cycle
dependent manner, peaking between G2/M and declining at G1 (Zhao et al., 2000), the
significance of the KIFC1-survivin interaction was compounded by immunoblotting when
reduced polyubiquitin signals at the survivin band were observed in lysates of cells
overexpressing KIFC1, despite the increased survivin expression. Furthermore, increased
polyubiquitin signal was observed in cells with KIFC1 knockdown when compared to control
cells, even though survivin levels were the same. This implied a novel role of KIFC1 in possibly
protecting survivin from ubiquitination (Pannu et al., 2015b). However, it is worth noting that
the nature of the polyubiquitin signals were not characterised, and so it cannot be said with

certainty that the reduced polyubiquitin signal reduced survivin degradation.

KIFC1 Promotes Invasiveness and Metastasis

The link between KIFC1 and cancer was first alluded to upon discovery that KIFC1 was a
positive indicator of NSCLC metastasis to the brain (Grinberg-Rashi et al., 2009). Furthermore,
it was proposed as a marker for metastatic onset in ovarian cancer (Pawar et al., 2014). Since
then, KIFC1 expression in clinical samples has been associated with metastasis in TNBC
(Ogden et al., 2017), RCC (Li et al., 2018) and HCC (Fu et al., 2018). This is supported by the
fact that KIFC1 knockdown reduced the expression of a host of pro-metastatic proteins
including MMP-2, MMP-9, VEGF in RCC (Li et al., 2018), and N-Cadherin, MMP-2, B-catenin,
Slug and ZEB1 in HCC (Fu et al., 2018) and HIF1o in breast cancer cells (Pannu et al., 2015b).
Meanwhile, KIFC1 overexpression increased expression of various EMT markers, including N-

Cadherin, Vimentin, TWIST1 and p-AKT, while inhibiting expression of E-Cadherin, validated
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by immunoblotting and IF microscopy. Furthermore, it was observed that cells with KIFC1
overexpression displayed a spindle shape, indicating mesenchymal morphology, while cells
with KIFC1 knockdown showed a cobblestone appearance, characteristic of epithelial

morphology (Han et al., 2019).

Such KIFC1l-mediated differential expression of metastasis-involved proteins upon KIFC1
knockdown resulted in a more than twofold decrease in migration and invasiveness in HCC
(Fu et al., 2018) and RCC cells (Li et al., 2018). Furthermore, invasiveness and migratory
capacity increased upon overexpression of KIFC1 in HCC cell lines. These effects were
translated in vivo, where mice injected with HCC cells overexpressing KIFC1 had larger and
more numerous lung metastases than mice injected with control HCC cells. As expected, lung
metastasis was inhibited in mice injected with HCC cells with KIFC1 knockdown compared to
control groups. Such data was corroborated by Haematoxylin and Eosin staining of mouse

lung tissue (Han et al., 2019).

To identify the key molecules involved in KIFC1-mediated EMT in HCC, suspected transcription
factors were screened by RT-PCR, with TWIST1 observed to be up or downregulated at the
MRNA level upon KIFC1 overexpression or knockdown (Han et al., 2019). TWIST1 induces EMT
through a variety of pathways including AKT, MAPK and STAT3 (Reviewed by Khan et al.,
2013), but only AKT expression was found to change upon KIFC1 overexpression or
knockdown (Han et al., 2019). One protein which takes part in HCC metastatic development
through the AKT/TWIST1 EMT pathway is gankyrin (Fu et al., 2011), and it was found that
gankyrin expression also increased or decreased as KIFC1 was over or underexpressed.
Furthermore, gankyrin overexpression negated the effects of KIFC1 deficiency and vice versa,
with cells increasing invasiveness and migratory capacity, and increasing the number and size
of metastatic nodules in mice. This was further validated by the fact that a positive association
was found between KIFC1 and gankyrin expression in clinical HCC samples (Han et al., 2019).
This collection of data showed that KIFC1 mediates EMT transition, at least in HCC cells,
through gankyrin, which acts as a downstream effector of EMT. This could possibly be because
TWIST1 is a downstream transcriptional target of HIFla (Yang and Wu, 2008), which is

overexpressed by overexpression of KIFC1.
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KIFC1 Induces Drug Resistance in Cancer Cells

One way of treating certain cancers is by using taxanes such as docetaxel and paclitaxel. These
molecules bind to B-tubulin and inhibit the exchange of free tubulin in microtubules,
disrupting the spindle formation and mitosis and eventually causing cell death. Although half
of all patients treated with docetaxel display clinical responses, tumours often show
resistance (Wang et al., 2014). In core biopsies taken from breast tumours resistant to
docetaxel, it was found that KIFC1 was slightly overexpressed compared to sensitive cells.
Furthermore, overexpression of KIFC1 more than doubled the proportion of surviving cells
upon treatment with 4 nmol/L of docetaxel. It was found that KIFC1 achieves this effect by
reversing the stabilisation of microtubules by docetaxel, evidenced by the increased amounts
of free tubulin in cells in cells overexpressing KIFC1 (De et al., 2009). Similar dependence upon
KIFC1 expression for docetaxel resistance was also seen in castration-resistant prostate
cancer, in which almost every patient treated with docetaxel became refractory (Sekino et al.,
2017). Furthermore, a follow up to the prostate cancer study found that KIFC1 expression was
increased eightfold in docetaxel resistant cells compared to sensitive parental cells of the
same cell line. In these cell lines, KIFC1 depletion and KIFC1 inhibition both suppressed
docetaxel-resistant cell growth, while combination treatment with KIFC1 inhibitor and

docetaxel reduced viability in both docetaxel resistant and sensitive cells (Sekino et al., 2019).

KIFC1 Function is Dispensable in Most Normal Cells

Unlike many other cancer targets, KIFC1 function seems dispensable in most non-cancerous
cells. KIFC1 knockdown in cells with normal centrosomes caused no negative effect in mitosis,
but did cause negative effects in oocytes, which are acentrosomal, implying that centrosomes
‘masked’ the role of KIFC1 in somatic cells (Mountain et al., 1999). Kwon et al. found that
upon KIFC1 knockdown, the higher the degree of centrosome amplification in cancer cells,
the higher the degree of multipolar mitosis, large scale aneuploidy and subsequent apoptosis

or senescence, reducing cell viability by more than 90% after six days. Meanwhile, diploid
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control cells were left unaffected by KIFC1 knockdown (Kwon et al., 2008). In support of this,
small molecule inhibition of KIFC1 in cancer cells with centrosome amplification increased
multipolar mitosis from 30% in control cells to 98% in treated cells. Interestingly, KIFC1
inhibition did not affect normal fibroblasts or affect the clonogenicity of primary human bone
marrow cells (Watts et al., 2013), which is important as inhibition of many other targets in
cancer cause long term effects such as bone marrow injury and myelosuppression (Reviewed

by Wang et al., 2006).

However, potential inhibition of KIFC1 may not necessarily be side effect free. Evidence exists
for a context-specific requirement for KIFC1. As mentioned, KIFC1 generates the force
required for meiosis in oocytes without centrosomes (Mountain et al., 1999). Furthermore,
KIFC1 is also required for spermiogenesis. It has been found to be expressed in human testis
and localised in unique patterns, gathering at the pole of the nuclei of immature spermatids
(Xiao et al., 2017) allowing it to perform two major functions of spermiogenesis, acrosome
biogenesis and nuclear deformation, both occurring due to KIFC1's ability for vesicular
trafficking by transportation along the microtubule (Reviewed by Xiao and Yang, 2016). The
fact that KIFC1 takes part in central functions during oocyte and sperm cell development
alongside embryo gestation may mean that treatment with KIFC1 inhibitors could negatively

affect pregnant patients or even cause infertility.

Initially, the addiction of cancer cells with centrosome amplification to KIFC1 had been well
established, and the selectivity that KIFC1 seemed to provide against cancer cells with
centrosome amplification warranted the development of KIFC1 inhibitors. However, work
published in recent years outlining the alternative roles of KIFC1 has shown that therapeutic
targeting of KIFC1 may be a suitable option in cancers both with and without centrosomes

amplification (Figure 1.6)
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Figure 1.6. The Many Roles of KIFC1 in Driving Cancer Progression. Although it is not known whether KIFC1 is
overexpressed before centrosome amplification, KIFC1 expression allows cells with centrosome amplification to
undergo pseudo-bipolar mitosis, avoiding massive aneuploidy and inducing low level chromosomal instability, a
hallmark of cancer. This would allow further evolution of cancer cells, including the possibility of further KIFC1
overexpression. Furthermore, KIFC1 induces expression of certain cyclins, Mad1 and the “oncogenic axis”, which
drive aberrant cell proliferation. Mad1 overexpression deregulates the Spindle Assembly Complex (SAC), which
allows an anaphase delay for pseudo-bipolar mitosis. Furthermore, both centrosome amplification and KIFC1
overexpression induce metastatic phenotypes, while KIFC1 induces taxanes resistance and causes overexpression
of survivin and Bcl-2, both of which allow evasion of apoptosis.
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1.5. KIFC1 Inhibitors

Inhibitors do exist against KIFC1 and as expected, they induce multipolar mitosis in cancer
cells with amplified centrosomes. Furthermore, they are all thought to bind KIFC1 in different

manners.
CWo069

CWO069 was discovered through a chemogenomic approach based on Eg5 kinesin inhibitors
on the principle that similar proteins bind similar ligands. Upon testing on N1E-115
neuroblastoma cells, treatment with CWO069 increased the frequency of multipolar mitosis
from 30% to over 90% of cells but did not induce multipolar mitosis in normal fibroblasts
(Watts et al., 2013). Furthermore, treatment of N1E-115 cells with both CW069 and KIFC1
siRNA did not increase the frequency of multipolar mitosis above cells treated with only KIFC1
siRNA, which indicates that the inhibitor recapitulated the effect of KIFC1 knockdown.
Differential scanning fluorimetry confirmed that CW069 binds allosterically to destabilise
KIFC1 without denaturing it, while also showing that the CW069 binding is site specific,
confirming in silico predictions. However, the dosages used to induce multipolar mitosis
ranged between 100 and 200 uM (Watts et al., 2013), which is relatively high compared to

alternative KIFC1 inhibitors
AZ82

High-throughput screening of 800,000 molecules followed by multiple cycles of medicinal
chemistry yielded AZ82, a small molecule which binds the KIFC1/microtubule complex to
inhibit the release of ADP and binding of ATP by KIFC1 (Wu et al., 2013). This was found by
fluorescent nucleotide exchange experiments in which AZ82 reduced the fluorescent
ADP/ATP exchange of KIFC1/microtubule complexes to basal levels of just KIFC1 alone, which
is considered a negative control. AZ82 was shown to bind the KIFC1/microtubule complex by
dialysis of 1 uM of AZ82 against buffer, KIFC1, microtubules and KIFC1 together with
microtubules. Although free AZ82 was dispersed evenly among all sections, mass
spectrometry showed that AZ82 was significantly enriched in the KIFC1/microtubule complex
(Wu et al., 2013). Importantly, AZ82 had no activity on a panel of nine other similar kinesins.
Treatment with just 1.2 uM of AZ82 increased frequency of multipolar mitosis in BT549 breast

cancer cell line cells from 12% to approximately 30%, while 48% of mitotic divisions ended in
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mitotic catastrophe, as opposed to 8% with control treatment. However, it was also reported

that nonspecific killing of cells was observed above 4 uM (Wu et al., 2013).
SR31527

A high-throughput KIFC1 ATPase assay of over 30,000 compounds yielded SR31527 as a
potent KIFC1 inhibitor. Biolayer interferometry showed that SR31527 binds KIFC1 directly
without involving microtubules, while molecular modelling indicated that it binds
allosterically at a novel site. In multiple breast cancer cell lines with centrosome amplification,
50 uM of SR31527 increased the frequency of multipolar mitosis, including an eight-fold
increase in the case of BT549. Furthermore, treatment with SR31527 decreased viability and
clonogenicity. At 50 uM, SR31527 killed up to 83% of TNBCs, while in normal human lung
fibroblast cells, SR31527 had no effect. However, SR31527 killed almost all nhormal human
lung fibroblast cells at 100 uM, indicating that the drug does display some off target cytotoxic
effects (Zhang et al., 2016b).

In fission yeast, overexpression of human KIFC1 without a corresponding overexpression of
Cut7 induces monopolar spindles and cell death, which means inhibition of KIFC1 would
decrease cell death. This allowed evaluation of KIFC1 inhibitors because in wild type yeast, a
specific inhibitor would cause no detriment, but in KIFC1-overexpressing yeast, the inhibitor
would reduce monopolar spindle formation and thus reduce the loss of KIFC1-mediated
viability. Conversely, changes in the growth of wild type fission yeast by inhibitors would
indicate that the inhibitor has off target effects, and the extent of any reduced viability loss
would depend on whether the inhibitor inhibited KIFC1 more than it interfered with yeast

mitosis (Yukawa et al., 2018).

Interestingly, all three inhibitors reduced viability in non-KIFC1-overexpressing fission yeast
whose drug resistance mechanisms had been removed (control), indicating that the inhibitors
had off-target effects (Yukawa et al., 2018). These “off-targets” would have been likely to
include proteins that were not alternative kinesin-14s, as deletion of pkll and klp2 kinesin-14
proteins is still viable (Troxell et al.,, 2001). Nevertheless, AZ82 reduced KIFC1-mediated
viability loss, indicating that it is an effective KIFC1 inhibitor. On the other hand, treatment

with CW069 in KIFC1-overexpressing yeast increased cell death, indicating that its KIFC1
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inhibitory properties were outweighed by its off-target toxicity. Furthermore, SR31527 did
not affect viability loss in KIFC1l-overexpressing cells, indicating that its KIFC1-inhibitory
effects were neutralised by the off-target toxicity it causes. It is worth noting that the off-
target toxic effect was relatively modest in the first place, indicating that its KIFC1-inhbitory

effect is also modest (Yukawa et al., 2018).

Although KIFC1 inhibitors do exist, none are at the clinical testing stage, possibly because they
seem to suffer from off-target toxicological effects, and in the case of CW069, weak

biochemical activity.
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1.6. PROTACS

Proteolysis-targeting chimeras, also known as PROTACs are hetero-bifunctional molecules
made up of an E3 ubiquitin ligase-binding ligand and a target binding ligand linked by a linker
region. This means that PROTACs can bind a target protein and E3 ubiquitin ligase
simultaneously to form a ternary complex. The proximity of the target protein and E3
ubiquitin ligase means that ubiquitin molecule(s) activated by an E1 ubiquitin-activating
enzyme can be transferred from an E2 ubiquitin-conjugating enzyme to the target protein via
the E3 ubiquitin ligase, thus marking the target protein for degradation by the proteasome
(Schneekloth et al., 2008) (Figure 1.7). This means that PROTACs can degrade oncogenic

proteins by “hijacking” the ubiquitin proteasome system.
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Figure 1.7. A Crude Representation of PROTAC Action. A) PROTACs are bifunctional and so incorporate recruiters
for both the target protein and an E3 ubiquitin ligase. B) By binding both the target protein and the E3 ubiquitin
ligase to form a ternary complex, the PROTAC brings the two proteins in proximity to each other. The
intermolecular protein interactions between the two proteins stabilises the interaction. C) An E2 ubiquitin-
conjugating enzyme binds to the E3 ubiquitin ligase and delivers activated ubiquitin molecules. D) The target
protein is now polyubiquitinated and ready for degradation by the 26S proteasome.
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PROTACSs can be constructed using small molecule ligands as recruiters for both target protein
and E3 ubiquitin ligase. An early such example is the SARM-nutlin PROTAC, which recruited
the MDM2 E3 ubiquitin ligase to the androgen receptor and significantly reduced levels of
androgen receptor. Furthermore, the role of the proteasome was confirmed by reduced
effectiveness upon protease inhibition (Schneekloth et al.,, 2008). PROTAC-mediated
degradation effects have been shown to be quite rapid and sustained for long periods of time.
For example, degradation of RIPK2 with a PROTAC was observed as early as 1h after treatment
and protein levels only recovered after 24h (Bondeson et al., 2015). Furthermore, PROTACs
show broad tissue distribution and can reduce target protein levels by over 90% in vivo using
only nanomolar concentrations, producing results comparable to RNA interference

(Bondeson et al., 2015).

PROTACs provide a benefit over small molecules as they catalyse multiple rounds of protein
degradation, which means less than stoichiometric levels are required (Bondeson et al.,
2015), whereas small molecule inhibitors work by stoichiometric occupation of the active site
or other allosteric sites on target proteins. This is important as 75% of the proteome doesn’t
have an active site, for example E3 ubiquitin ligases, which means many proteins are simply
“undruggable”. In the case of PROTAC s, inhibition is not required by the recruiters, rather the
targets simply need to be bound (Reviewed by An and Fu, 2018). Furthermore, mutations in
oncoproteins have been known to mediate resistance to small molecules. However, PROTACs
based on the same small molecules have been shown to degrade the same mutant
oncoproteins. For example, a C481S mutation to BTK mediates resistance to ibrutinib in more
than 80% of chronic lymphocytic leukaemia patients, however a PROTAC derived from
ibrutinib reduced mutant BTK levels by more than 99% while improving specificity (Buhimschi
et al., 2018). Ultimately, PROTACs provide the opportunity to target undruggable and mutant
proteins, whilst also improving the specificity and reducing the dosages required compared

to the inhibitors they are based upon.

As mentioned, PROTACs induce degradation of target proteins by effectively catalysing the
interaction between the target protein and an E3 ubiquitin ligase, which executes the final
step of attaching an activated ubiquitin molecule onto the target protein.
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Ubiquitin itself is reversibly attached to lysine residues of a target protein either as a single
molecule, called mono-ubiquitination, or as part of a chain, called poly-ubiquitination, by its
N-terminal methionine residue or any of its seven lysine residues (K6, K11, K28, K33, K48 and
K63) (Reviewed by Akutsu et al., 2016). These chains can be homotypic, where the ubiquitin
chain is comprised of molecules attached by the same residue, or heterotypic, where
molecules can be branched. Furthermore, ubiquitin molecules themselves may be subject to
further post-translational modification, providing an countless possibilities for diversity and

specificity (Reviewed by Akutsu et al., 2016).

One of the ways in which ubiquitin exerts effects is through the lysine it is attached by, with

each type of linkage being associated with specific cellular functions.

K6 attachments are one of the least well-characterised ubiquitin linkages, although it is known
that it is not associated with degradation as inhibition of the proteasome has been found to
not increase its abundance (Kim et al., 2011). However, they were found to be enriched upon
UV stress (Elia et al., 2015) and associated with the BRCA1-BARD1 DNA damage repair E3
ubiquitin ligase complex (Morris and Solomon, 2004). K6 linkages also increase upon
mitochondrial depolarisation, indicating impairment and the need for mitophagy (Ordureau
et al., 2014), which is significantly delayed in cells expressing K6 mutant ubiquitin (Ordureau

etal., 2015).

K11 signals are established as a proteasomal signal used in cell cycle regulation. For example,
APC/C uses the K11-specific E2 ubiquitin-activating enzyme to ubiquitinate substrates for
degradation (Reviewed by Wickliffe et al., 2012). Furthermore, knockdown of a K11-specific
deubiquitinase called Cezanne causes increased K11 ubiquitination of HIF1o and HIF2a, and

their subsequent degradations, but not through the proteasome (Bremm et al., 2014).

K27 attachments to chromatin upon DNA damage have been shown to propagate the DNA
damage response, while cells unable to form such attachments have been shown to be unable
to activate the DNA damage response (Gatti et al., 2015). Furthermore, K27 attachments have
been implicated in activating immune responses in response to bacterial DNA by acting as a

scaffold for the recruitment of other immune proteins (Reviewed by Akutsu et al., 2016).

K29 attachments have been shown to take part in the canonical Wnt signalling pathway. K29

ubiquitination of axin, a scaffold protein within the B-catenin destruction complex, disrupts
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its interactions with Wnt co-receptors, subsequently attenuating Wnt/ B-catenin signalling
(Fei et al., 2013). Furthermore, the TRABID deubiquitinase, a positive regulator of the Wnt/
B-catenin pathway, exerts its effects by deubiquitinating K29 attachments (Licchesi et al.,

2011).

K33 attachments have been implicated in post-golgi membrane trafficking. The Cullin 3-
KLHL20 E3 ubiquitin ligase complex was found to K33 ubiquitinate coronin 7, which was then

transported to the trans golgi network (Yuan et al., 2014).

K48 are the most common chains and target proteins for degradation, however, the previous
dogma that K48 tetra-ubiquitin chains are required for proteasomal degradation has begun
to be challenged, with proteins such as cyclin B being more efficiently degraded with multiple,
short chains as opposed to single, longer chains, while two di-ubiquitin chains have been
observed to be a better proteasomal substrate than one tetra-ubiquitin chain (Reviewed by

Swatek and Komander, 2016).

K63 chains have been shown to have a wealth of functions in the cell, including in proteasomal
degradation of dihydrofolate reductase (Hofmnan and Pickart, 1999) and lysosomal
degradation of EGFR (Huang et al., 2013). It also takes part in regulation of the Wnt signalling
pathway (Tauriello and Maurice, 2010) and in transport of endocytosis and trafficking

(Reviewed by Erpapazoglou et al., 2014).

It is important to note that combinations of such linkages in various numbers of branched and
straight chains with and without various protein modifications provide a vast diversity of
signals in the cell. To perceive signals propagated by ubiquitin chains, cells recognise proteins
with specific states of ubiquitination using a diverse set of ubiquitin binding proteins

(Reviewed by Husnjak and Dikic, 2012).
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1.7. Project Aims

Therapeutic options for prevention and treatment of metastatic uveal melanoma are poor in
part due to a lack of therapeutic targets (Violanti et al., 2019). However, recent research has
shown that centrosome amplification does exist in uveal melanoma, which may provide a
therapeutic target (de Almeida et al., 2019). Although centrosome amplification causes
cancer (Levine et al., 2017), it also poses as an “Achilles heel” for cancer cells as they rely on
centrosome clustering to avoid multipolar mitosis, massive aneuploidy and cell death (Kwon
et al., 2008). An integral part of the clustering process is KIFC1, and depletion of KIFC1 does
cause multipolar mitosis and cell death in cells with centrosome amplification (Kwon et al.,
2008). KIFC1 has also been shown to have oncogenic effects independent of centrosome
clustering, including in cells with very low levels of centrosome amplification (Pannu et al.,
2015b). Furthermore, KIFC1 function seems to be dispensable in normal somatic cells (Watts
et al., 2013). Small molecule KIFC1 inhibitors do exist, but they suffer from off target effects
(Yukawa et al., 2018) or have poor biochemical activity (Watts et al., 2013). A novel way to
get around such problems may be the use of PROTACs, which work at lower concentrations
and with better specificity than the small molecule inhibitors that they are derived from

(Buhimschi et al., 2018).

The aims of this project, therefore, are twofold:

1) Explore centrosome amplification and the role of KIFC1 in primary uveal melanoma
(Mel270) and liver metastatic uveal melanoma (Omm2.3 and Omm?2.5) cell lines
derived from the same patient.

To our knowledge, centrosome amplification has previously never been assessed in
uveal melanoma metastases. Furthermore, the role of KIFC1 has also never been

assessed in primary or metastatic uveal melanoma.

2) Generate promising KIFC1 binders for the formation of PROTAC molecules.
This will be done by first synthesising the CWO069 inhibitor. For possible linker
attachment locations, CW069 analogues with altered functional groups will be
synthesised. To identify which functional groups are non-crucial for binding to KIFC1,

and therefore suitable for attachment with a linker, a structure activity relationship
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(SAR) assay will be performed using a recombinant KIFC1 motor protein domain.
Dispensable functional groups will then be used to attach various linkers and E3

ubiquitin ligase recruiters to produce PROTACs, which will then be assessed for

efficacy.
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2. Methods and
Materials



2.1. Methods
All reagents from Thermo-Fisher Scientific (Waltham, MA), unless otherwise stated.
Cell Culture

Cells were cultured in Full RPMI media (RPMI-1640-Glutamax, 10% FBS, 1%
penicillin/streptomycin) and incubated at 37°C in 5% CO,. To passage cells, cells were

trypsinised, resuspended and re-plated in fresh Full RPMI media.

Plates were aspirated and washed with trypsin. Trypsin was again added, and the plates
incubated for 10 minutes at 37°C in 5% CO,. After trypsinisation, the plate was agitated, and
cells resuspended in full media, pipetting up and down 25 times to obtain a single celled
suspension. A portion of the single celled suspension would then be added to full RPMI in

another plate.

siRNA Transfection
To knock down expression of certain genes, siRNA transfections were undertaken.

On day 0, passaging cells were trypsinised, re-plated in the relevant dishes and left for 24
hours to seed in Full RPMI. On day 1, the media was then aspirated and rinsed with PBS before
being replaced with “no add” RPMI (RPMI-1640-Glutamax only). The relevant siRNA was
mixed and incubated with optiMEM and RNAiIMax for 20 minutes before being added to the
media at a final concentration of 40 nM. 24 hours later, on day 2, the media was aspirated

and replaced with full RPMI. 24 hours later, on day 3, the cells are ready to manipulate.

Clonogenic Assay

To evaluate the changes in cell survival and clonogenicity of cells with and without siRNA-

mediated knockdown of certain genes, clonogenic assays were undertaken.

64,000 cells were plated into the wells of 12-well dishes in Full RPMI and left for 24 hours to
seed. On day 1, the media was aspirated and rinsed with PBS before being replaced with “no

add” RPMI. The relevant siRNA was mixed and incubated with optiMEM and RNAiMax for 20
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minutes before being added to the media at a final concentration of 40 nM. 24 hours later,
on day 2, the cells were trypsinised and 1000 cells (Omm2.3 & Omm2.5) or 10,000 cells
(Mel270) were plated into the wells of 6-well dishes, making sure to use a single celled

suspension.

14-21 days later, or once the “Mock” colonies had grown to comprise approximately 50 cells,
the media was aspirated, and the cells were rinsed with 2 mL PBS. The cells were fixed with 2
mL 4% PFA in PBS (15 mins) and rinsed once more with 2 mL PBS. The cells were then stained
with 1 mL 0.5% w/v Crystal Violet (30 mins, R.T). The cells were washed with 3 x 3 mL tap

water, left to air dry for 1 hour and stored long term at room temperature.

MTT Assay

To evaluate the changes in viability and growth of cells with and without siRNA-mediated

knockdown of certain genes, MTT assays were undertaken.

The relevant siRNA was mixed and incubated with RNAiMax and OptiMEM in the wells of 96-
well dishes for 20 minutes and then seeded with 7500 cells in 100 uL of Full RPMI per well
before being left for 24 hours. On day 1, the media was aspirated and replaced with 125 uL
of Full RPMI. At hour 0, set arbitrarily on day 1, 10 uL of formazan was added to each well,
mixed thoroughly and left to incubate for 4 hours at 37°C. After this, 100 uL of isopropanol +
0.04 M HCIl was added and mixed thoroughly to dissolve all crystals in the well. Absorbance

was read at 500 nm on a Tecan Magellan plate reader.

Cell Lysis
To obtain cell lysates, hot lysis was performed with Laemmli buffer.

Plates were washed twice with PBS before being heated to 105°C on a heat block. Heated
Laemmli buffer was added and the plates scraped with a dry cell scraper. Lysates were

transferred to screw-cap tubes and heated for 10 minutes, vortexing every 2 minutes.
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BCA Assay
To determine protein concentrations of the lysates, BCA assays were undertaken.

10 uL of lysate was diluted 1 in 5 in milliQ water. 10 uL of diluted lysate was pipetted in
triplicate in a 96-well plate along with 10 pL triplicates of BSA standards. A BCA reagent
comprising 50:1 Solution A: Solution B was made up and 200 pL was mixed into each well.
After incubation at 37°C for 30 minutes, absorbance was read using the pre-set BCA assay

protocol on the Perkin Elmer VICTOR plate reader.

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
To separate proteins in cell lysates based on molecular weight, SDS-PAGE was carried out.

A 10% resolving gel mixture was made up and 4.5 mL poured between a short plate and
backing plate clamped together in a Bio-rad Mini-PROTEAN Tetra Handcast cassette. 0.5 mL
of Propan-2-ol was poured on top of the gel mixture to eliminate bubbles. Once set, the
Propan-2-ol was poured off and ~1 mL of the stacking gel was poured on top with a comb

inserted and left to set.

Once set, the plates, containing the gel, were transferred to a Bio-rad Mini-PROTEAN Tetra
Handcast tank and submerged in SDS-PAGE running buffer. The comb was removed and
protein lysates (containing 10% 10x SDS-PAGE Loading Buffer and boiled at 100°C for 5
minutes) were loaded into the gel wells along with 2 p of Amersham ECL Rainbow marker and

run at 60 V for 20 minutes, followed by 150 V until the dye front reached the bottom of the

gel.

Western Blot Protein Transfer

To preserve separated proteins for detection, the proteins were transferred from the gel to a

nitrocellulose membrane.

A transfer stack was made of blotting tissue, nitrocellulose membrane, polyacrylamide gel

and blotting tissue after soaking with 36 mL of transfer buffer (Bio-rad). Air bubbles were
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rolled out between each layer and the proteins were transferred using the pre-set “mixed

III

molecular weight Bio-rad protocol” on the Bio-rad Trans-blot Turbo transfer system.

Antibody Probing of Nitrocellulose Membranes
To detect specific proteins, the nitrocellulose blot was probed with antibodies.

The nitrocellulose blot was soaked in Ponceau S for 30 seconds to visualise protein bands,
before the blot was trimmed to size and then washed with milliQ water. The Ponceau S was
rinsed off in PBS on the rocker (3 mins, R.T) and then blocked in 5% milk powder in PBS on
the rocker for (1 hour, R.T). The nitrocellulose blot was incubated in primary antibody diluted

in 5% milk powder in PBS on the rocker (16 hours, 4°C).

The nitrocellulose blot was then washed in PBS on the rocker (3 x 5 mins, R.T). The relevant
secondary antibody diluted in 5% milk powder in PBS was applied and incubated on the rocker
(1 hour, R.T), before the blot was washed in PBS-T (3 x 5 mins, R.T) and in PBS on the rocker
(1 x5 mins, R.T).

The membranes were then visualised on a LICOR Odyssey Fc and images for figures exported

from the Image-Studio software.

Paraformaldehyde (PFA) Fixed Immunofluorescent (IF) Staining

To visualise soluble proteins by IF in cells with and without siRNA knockdown of certain genes,

PFA fixing and IF staining was undertaken.

A circular coverslip was placed into the bottom of each well in a 12-well dish. 140,000 cells
were plated into each well, on top of the coverslips, and underwent siRNA knockdowns as
outlined above. On day 3 of the siRNA transfection, the media was very gently aspirated and
rinsed with 1 mL PBS. The cells were fixed in 1 mL 4% PFA in PBS (15 mins) before rinsing with
1 mL PBS. The coverslips were then removed from the well and placed face up onto parafilm
in a large dish. Each coverslip was treated with 100 pL 0.2% Triton X-100 in PBS (10 mins) and
then blocked in 5% goat serum in PBS (30 mins). Each coverslip was then treated with 100 plL

primary antibody in 100 puL 5% goat serum in PBS (2 hours, R.T). The coverslips were then
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washed with 200 pL PBS (3 x 5 mins) before being treated with 100 pL secondary
immunofluorescent antibody in 5% goat serum in PBS (2 hours, R.T). The coverslips were again
washed with 200 uL PBS (3 x 5 mins) and their edges dabbed dry with Kimwipe tissue paper.
15 plL of Moviol + DAPI was placed onto glass microscope slides and the coverslips were placed

face down onto the slides, allowed to dry overnight and stored long term at 4°C in the dark.

Methanol Fixed IF Staining

To visualise dense, insoluble proteins by IF in cells with and without siRNA knockdown of

certain genes, methanol fixing and IF staining was undertaken.

A circular coverslip was placed into the bottom of each well in a 12-well dish. 140,000 cells
were plated into each well, on top of the coverslips, and underwent siRNA knockdowns as
outlined above. On day 3 of the siRNA transfection, the media was very gently aspirated and
rinsed with 1 mL PBS. The cells were fixed in 500 pL -20°C methanol (15 mins, -20°C) before
rinsing with 1 mL PBS. The coverslips were then removed from the well and placed face up
onto parafilm in a large dish. Each coverslip was blocked in 100 pL 5% goat serum in PBS (30
mins). Each coverslip was then treated with 100 pL primary antibody in 5% goat serum in PBS
(2 hours, R.T). The coverslips were then washed with 200 uL PBS (3 x 5 mins) before being
treated with 100 pL secondary immunofluorescent antibody in 5% goat serum in PBS (2 hours,
R.T). The coverslips were again washed with 200 pL PBS (3 x 5 mins) and their edges dabbed
dry with Kimwipe tissue paper. 15 uL of Moviol + DAPI was placed onto glass microscope slides
and the coverslips were placed face down onto the slides, allowed to dry overnight and stored

long term at 4°C in the dark.

Flow Cytometry

To examine cell cycle dynamics of cells with and without siRNA knockdown of certain genes,

flow cytometry was undertaken.

250,000 cells were plated into 60mm dishes and underwent siRNA knockdowns as outlined
above. On day 3 of the siRNA transfection, approximately 1 million cells were pelleted

(1000rpm, 5 mins) and the supernatant discarded. The cells were resuspended in 1 mL PBS.
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The process was repeated, and the cells were resuspended in 100 pL of PBS. The cells were
vortexed at low speed and 900 pL of ethanol was added dropwise before leaving on ice for 30

minutes.

After ethanol fixation, the cells were pelleted (1000 rpm, 5 mins) and the supernatant
discarded. The cells were resuspended in 500 pL PBS. The process was repeated, and the cells
were resuspended in 50 uL RNase A solution and 450 plL PBS. The resuspended cells were
transferred to flow cytometry tubes and 30 pL propidium iodide (1 mg/mL) was added. The
tubes were capped and wrapped in foil for 15 minutes before analysing on a Beckman-Coulter

Cytoflex flow cytometer.

Kinesin Assay

A phosphate standard curve was made up by incubating0, 3, 5, 7, 10, 15 or 20 pL of phosphate
standard with milliQ water up to a volume of 30 uL in a half volume 96-well plate. 70 uL of

cytophos was added per well and scanned at 650 nm on the Tecan Magellan plate reader.

The assay was run according to the HTS kinesin endpoint assay (Cytoskeleton, Denver, CO).
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CWO069 Synthesis Pathway 1

T3P, DIPEA, DCM

>ro 0°C, 2hirt, 16h

b TFA, DCM
rt, 1h

i)THF
ii) TEA
iii) Benzaldehyde
rt, 15min/rt, 2h/0°C, rt, 16h

Reaction a. Amide Coupling
Attempt 1

N-Boc-phenylalanine (350 mg, 1.331 mmol, 1 eqv) and DIPEA (N,N-diisopropylethylamine) (1
mL, 7.740 mmol, 5.81 eqv) were dissolved in 30 mL of DCM (dichloromethane) and stirred.
The mixture was cooled to 0°C, T3P (propanephosphonic acid anhydride) (1 g (50% w/w),
3.143 mmol, 2.36 eqv) was added and stirred at rt for 2 hrs. 2-amino-5-iodobenzoic acid (700

mg, 2.639 mmol, 1.98 eqv) was added dropwise over 10 mins and stirred at rt for 16 hrs.

The compound was extracted 3x with 30 mL DCM, washed 2x with 20 mL water, dried over
Na,S04 and filtered. The organic layer was evaporated by rotavapor and dried in vacuo to

produce a brown oil.

The compound was separated by Flash Silica Chromatography using 20% Ethyl acetate in
hexane. Pooled fractions were evaporated by rotavapor and dried in vacuo to produce a white

powder.
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Upon checking *H-NMR, non-equal integrations of peaks belonging to each compound

indicated that although they eluted at the same point, they were not linked.
Attempt 2

N-Boc-phenylalanine (250 mg, 0.950 mmol, 1 eqv) and 2-amino-5-iodobenzoic acid (252 mg,
0.950 mmol, 1 eqv) were dissolved in 30 mL of DCM and stirred. DIPEA (340 uL, 1.98 mmol, 2
eqv) was added and the mixture cooled to 0°C. T3P (680 uL (50% w/w), 1.14 mmol, 1.2 eqv)

was added dropwise over 10 mins and stirred at rt for 16 hrs.

The compound was extracted 3x with 30 mL DCM, washed 2x with 20 mL water, dried over
MgSQO4 and filtered. The organic layer was evaporated by rotavapor and dried in vacuo to

produce a brown oil.

The compound was separated by Flash Silica Chromatography using 20% Ethyl acetate in
hexane. Pooled fractions were evaporated by rotavapor and dried in vacuo to produce a white

powder.

Upon checking 'H-NMR, non-equal integrations of peaks belonging to each compound

indicated that although they eluted at the same point, they were not linked.

Attempt 3. Because thin layer chromatography after the workup showed compound sticking
to the silica, the possibility that the N-Boc-phenylalanine was being coupled but not further
reacted was entertained. Therefore, HATU (hexafluorophosphate azabenzotriazole

tetramethyl uronium) was used instead of T3P. The reaction was still a failure.

Attempts 4 and 5. The compound sticking to the silica after the workup might have been due
to the possibility that the NH. group on the 2-amino-5-iodobenzoic acid was not
electronegative enough to undertake a nucleophilic attack on the coupled N-Boc-
Phenylalanine. Therefore, Ethyl-2-animo-5-iodobenzoate was used as the electron
withdrawing property of the ethyl group would make the NH, group more electronegative,

and therefore more amenable to nucleophilic attack. However, the reaction still failed.
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Experiment Starting Material 1 Coupling Agent

Number

UPXP1, UPXP2 2-amino-5-iodobenzoic T3P
acid

UPXP3 2-amino-5-iodobenzoic HATU
acid

UPXP4 Ethyl-2-amino-5- T3P
iodobezoate

UPXP5 Ethyl-2-amino-5- HATU
iodobezoate

At this point, the decision was made to pursue the “optimised pathway” (Watts et al., 2013),
named such because although it had more steps, it was published to have produced better

yields.
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CWO069 Synthesis Pathway 2

a I COgCH3

H,N

—- :
Boc,0, TEA, DCM ©O NH
40°C, 4h Y

O
X 1 Pd,(dba)s,
Xantphos, Cs,CO3,

dioxane
110°C, 22h, N,

Cl

| CO,CHs
o}

Reaction a. Boc Protection (Appendix 1)

Di-tert-butyl dicarbonate (4.37 g, 20 mmol, 1 eqv) and L-Phenylalaninamide (3.30 g, 20 mmol,
1 eqv) were dissolved in 100 mL of DCM and stirred. Triethylamine (5.58 mL, 40 mmol, 2 eqv)
was added and refluxed at 40°C for 4 hrs.

The reaction was cooled and washed thrice with 30 mL water. The compound was extracted
from water ten times with 30 mL DCM each time. The product formed a white crust on
glassware and even entered the aqueous layer but was extracted with DCM. The compound
was dried over Na;SO4 and filtered, then evaporated by rotary evaporator and dried in vacuo

to produce compound 1, a fluffy white solid called Boc-phenylalaninamide.
Yield=91%
Mr=264.32 g/mol

R.f.= 0.7 (DCM)
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1H-NMR (400MHz, CDCls)= A ppm: 1.41 (s, CHs, 9H), 3.08 (s, CHa, 2H), 4.42 (s, CH, 1H), 5.20 (d,
NH, 1H), 5.81 (s, RONH,, 1H), 6.05 (s, RONHy, 1H), 7.24 (d, ArH, 2H), 7.28 (d, ArH, 1H), 7.32 (t,
ArH, 2H).

Reaction b. Buchwald-Hartwig Coupling (Appendix 2)

A two necked flask and three vials were oven dried at 150°C for 1 hour and sealed upon
retrieval. Under an inert atmosphere, CsCO3 (74.61 mg, 0.229 mmol, 1.5 eqv) and Pd(Dba);
(14.95 mg, 0.0163 mmol, 10% eqv) were weighed out and dissolved in 2 mL anhydrous
dioxane. Xantphos (9.4 mg, 0.0163 mmol, 10% eqv), Boc-phenylalaninamide (compound 1)
(50 mg, 0.196 mmol, 1.2 eqv) and Methyl-2-chloro-5-iodobenzoate (48.32 mg, 0.163 mmol, 1
eqv) were also dissolved in anhydrous dioxane and stirred. The flask was evacuated twice

under vacuum and refilled with N2 before being refluxed at 110°C for 22 hours under N,.

The reaction was cooled and diluted with 10mL ethyl acetate and washed thrice with 10mL
brine, then extracted from the water thrice with 10mL ethyl acetate. The organics were
pooled and dried over MgS04 and filtered. The compound was evaporated by rotavapor and
dried in vacuo to produce a thick orange oil. The mixture was separated by Flash Silica
Chromatography using 10% ethyl acetate in hexane. The fractions were combined and
evaporated by rotary evaporator and dried in vacuo to produce compound 2, an orange oil
called Methyl-2-(Boc-phenylalaninamido)-5-iodobenzoate. In large amounts, the oil dissolves
poorly in 10% ethyl acetate in hexane, and so should be deposited into the silica column for

purification dissolved in DCM before separating with 10% ethyl acetate in hexane.

Yield= 100%
Mr=524.36 g/mol
R.f.= 0.5 (10% EtOAc in hexane)

1H-NMR (400MHz, CDCl3)= A ppm:. 1.44 (s, CHs, 9H), 3.15 (m, CHa, 2H), 3.937 (s, OCHs, 3H),
4.50 (d, CH, 1H), 5.20 (s, NH, 1H), 7.23 (s, ArH, 1H), 7.25 (d, ArH, 2H), 7.31 (d, ArH, 2H), 7.37
(d, ArH, 1H), 7.55 (g, ArH, 1H), 7.84 (d, ArH, 1H).
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Reaction c. TFA Cleavage (Appendix 3)

Methyl-2-(Boc-phenylalaninamido)-5-iodobenzoate (compound 2) (393.80 mg, 0.751 mmol,
1 eqv) was dissolved in 1 mL of DCM (min. 10 eqv) and stirred. TFA (trifluoroacetic acid) (1

mL, min. 10 eqv) was added and left to stir at R.T for 1 hr.

The DCM, TFA and side products were evaporated in vacuo, with the gaseous extract collected
in a liquid nitrogen trap to leave a sticky brown oil. This was then dissolved in 1 mL DCM,
evaporated by rotary evaporator and dried again in vacuo to produce compound 3, a brown

solid called Methyl-2-(phenylalaninamide)-5-iodobenzoate, as a TFA salt.

Yield= 100%
Mr=538.26 g/mol in salt form. 424.24 g/mol free amine.
R.f.= 0.0 (DCM)

1H-NMR (400MHz, DMSO-d6)= A ppm:. 3.15 (m, CHa, 2H), 3.87 (s, OCHs, 3H), 4.18 (s, CH, 1H),
7.26 (t, ArH, 3H), 7.32 (t, ArH, 2H), 7.575 (d, ArH, 1H), 7.71 (g, ArH, 1H), 8.01 (d, ArH, 1H),
10.71 (s, CFsCO;H, 1H).

Producing a Free Amine from the TFA Salt (Appendix 4)

The free amine form of Methyl-2-(phenylalaninamido)-5-iodobenzoate (compound 3) was
obtained from the TFA salt produced above by diluting the relevant amount of the TFA salt
form in 5 mL DCM with 1% triethylamine, then washing that thrice with 5 mL of 0.2M NaOH
solution. The NaOH solutions were then pooled and extracted from thrice with 5 mL DCM
with 1% triethylamine, which was dried over Na,SO4 and filtered, before being evaporated by

rotavapor to produce a white solid.
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Analogue Synthesis

H =
NH2
3-Flurophthalic acid, Benzoyl chloride,
KOAc, Acetic acid TEA, DCM
0 c rt, 3h
| e N IS b |Acetic anhydride,
o TEA, DCM,
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N ; O
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o @) u :
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Reaction a. Phthalimide Protection (Appendix 5)

Methyl-2-(phenylalaninamido)-5-iodobenzoate (compound 3) as an amine (15 mg, 0.035
mmol, 1 eqv), 3-fluorophthalic acid (5.81 mg, 0.035 mmol, 1 eqv) and potassium acetate
(34.35 mg, 0.035 mmol, 1 eqv) were dissolved in 1 mL of acetic acid and refluxed at 120°C for
24 hrs.

The reaction was cooled and diluted with 5 mL DCM and washed thrice with 5 mL water. The
water was extract from thrice with 5 mL DCM. The organics were pooled, dried over Na;SOs,
filtered, evaporated by rotavapor and dried in vacuo to produce a beige crust before being
separated by Flash Silica Chromatography with a solvent system progressing from 0-10%
methanol in DCM. The combined fractions were then evaporated by rotavapor and dried in
vacuo to produce a beige solid, methyl (S)-2-(2-(3-fluoro-phthalimido)-3-

phenylpropanamido)-5-iodobenzoate (compound 4).

Yield=30%
Mr=450.28 g/mol

R.f.= 0.8 (10% MeOH in DCM)
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1H-NMR (400MHz, CDCls)= A ppm:. 3.70 (m, CHa, 2H), 3.99 (m, OCHs, 3H), 5.27 (s, CH, 1H),
7.23 (m, ArH, 1H), 7.43 (t, ArH, 4H), 7.68 (m, ArH, 3H), 7.78 (m, ArH, 1H), 7.91 (m, ArH, 1H),
8.28 (s, ArH, 1H).

Reaction b. Nucleophilic Addition-Elimination (Appendix 6)

Methyl-2-(phenylalaninamido)-5-iodobenzoate (compound 3) as an amine (15 mg, 0.035
mmol, 1 eqv) and triethylamine (4.65 puL, 0.105 mmol, 3 eqv) were dissolved in 1 mL of DCM
and stirred at R.T for 15mins. An excess of acetic anhydride (4.96 L, 0.052 5mmol, 1.5 eqv)
was added and stirred at R.T for 24 hrs.

The reaction was diluted with 5 mL DCM and washed thrice with 5 mL water. The water was
extracted from thrice with 5 mL DCM. The pooled organics were dried over Na;SOy, filtered,
evaporated by rotavapor and dried in vacuo to produce a beige crust before being separated
by Flash Silica Chromatography with a solvent system progressing from 0-10% methanol in
DCM. The combined fractions were then evaporated by rotavapor and dried in vacuo to
produce a beige solid, methyl (S)-2-(2-(acetamido)-3-phenylpropanamido)-5-iodobenzoate

(compound 5).

Yield= 50%

Mr=595.87 g/mol

R.f.=0.6 (10% MeOH in DCM)

'H-NMR (400MHz, CDCl3)= A ppm:. 2.04 (m, CHs, 3H), 3.13 (m, CHa, 2H), 3.95 (s, OCHs, 3H),
4,96 (s, CH, 1H), 6.51 (dd, ArH, 1H), 7.16 (d, ArH, 1H), 7.20 (d, ArH, 2H), 7.25 (m, ArH, 2H), 7.28
(s, ArH, 1H), 7.37 (t, ArH, 1H), 7.60 (m, ArH, 1H), 7.88 (d, ArH, 1H).

Reaction c. Nucleophilic Addition-Elimination (Appendix 7)

Methyl-2-(phenylalaninamido)-5-iodobenzoate (compound 3) TFA salt (15 mg, 0.0286 mmol,
1 eqv) and triethylamine (8.27 uL, 0.0572mmol, 2 eqv) were dissolved in 1 mL of DCM and

58



stirred at R.T for 15 mins. A slight excess of Benzoyl chloride (9.49 uL, 0.031 mmol, 1.08 eqv)

was added and stirred at R.T for 3 hrs.

The reaction was diluted with 5 mL DCM and washed thrice with 5 mL water, which was
extracted water thrice with 5 mL DCM. The organics were pooled and dried over Na;SOs,
filtered, evaporated by rotavapor and dried in vacuo to produce a beige crust. The compound
was separated by Flash Silica Chromatography using 5% methanol in DCM. The fractions were
combined, evaporated by rotavapor and dried in vacuo to produce a beige solid, methyl (S)-

2-(2-(benzamido)-3-phenylpropanamido)-5-iodobenzoate (compound 6).

Yield=67%
Mr=528.59 g/mol
R.f.= 0.9 (5% MeOH in DCM)

1H-NMR (400MHz, CDCls)= A ppm:. 3.21 (m, CHa, 2H), 3.90 (m, OCHs, 3H), 5.19 (m, CH, 1H),
6.51 (dd, ArH, 1H), 7.03 (d, ArH, 1H), 7.20 (t, ArH, 2H), 7.26 (m, ArH, 2H), 7.36 (t, ArH, 1H),
7.47 (t, ArH, 2H), 7.57 (m, ArH, 2H), 7.77 (t, ArH, 2H ), 7.88 (t, ArH, 1H), 9.00 (d, ArH, 1H).
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2.2. Materials

Solutions and Buffers

PBS (Sigma-Aldrich, St-Louis, MO)

PBS-Tween (PBS + 0.1% Tween-20)

Laemmli Buffer (50mM Tris pH 6.8, 2% SDS, 10% Glycerol)
Running Buffer (25mM Tris, 192mM Glycine, 0.1% SDS)
Transfer Buffer (25mM Tris pH 8.3, 192mM Glycine)

10x SDS-PAGE Loading Buffer (1M DTT, 1% Bromophenol Blue)

Amersham ECL Rainbow marker (Merck, Kenilworth, NJ)

Poly-Acrylamide Gel Electrophoresis
Nitrocellulose membrane

Blotting tissue

Milk Powder

Ponceau Stain

Tris
20% 1:1 Acrylamide: Bis-Acrylamide

TEMED

BCA Assay
BSA

BCA reagent A
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BCA reagent B

Cell Fixing and Staining
Moviol

DAPI

Goat Serum

Ethanol

Methanol

16% Paraformaldehyde
Triton x-100

Goat Serum

Crystal Violet
Propidium lodide

RNAse A

Gene Transfection

KIFC1_4 siRNA (QIAGEN, Hilden, Germany)

KIFC1_5 siRNA (QIAGEN, Hilden, Germany)

All Stars Negative Control siRNA (QIAGEN, Hilden, Germany)
RNAiMax Transfection Reagent

OptiMEM



Cell Culture
RPMI Media
FCS
Pen/Strep

Trypsin

Primary Antibodies

KIFC1 (Rb) (Abcam, Cambridge, UK)

GAPDH (Mo) (Abcam, Cambridge, UK)

Alpha-Tubulin (Mo) (Sigma-Aldrich, St-Louis, MO)
Alpha-Tubulin (Rt) (Merck Millipore, Burlington, MA)
Centrin (Mo) (Merck Millipore, Burlington, MA)
Pericentrin (Rb) (Abcam, Cambridge, UK)

Caspase 3 (Rb) (Cell Signalling Technology, Danvers, MA)

Survivin (Rb)

Immunofluorescent Secondary antibodies

Goat anti-Mouse 1gG (H+L)

Alexa Fluor 555 nm Goat anti-Rabbit IgG (H+L) (Invitrogen, Carlsbad, CA)
Alexa Fluor 647 nm Goat anti-Rat IgG (H+L) (Invitrogen, Carlsbad, CA)

Alexa Fluor 488 nm Goat anti-Mouse (H+L) (Invitrogen, Carlsbad, CA)
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Western blotting secondary antibodies
Donkey anti-Mouse IgG (H+L), IRDye 680RD (LiCOR Biosciences, Lincoln, NE)

Donkey anti-Rabbit IgG (H+L), IRDye 800CW (LiCOR Biosciences, Lincoln, NE)

Structure-Activity Relationship Kinesin Assay

HTS kinesin ATPase Endpoint Assay Biochem Kit (Cytoskeleton, Denver, CO)

Cell lines
Omm?2.3 (Courtesy of the Sarah Coupland Lab, University of Liverpool)
Omm?2.5 (Courtesy of the Sarah Coupland Lab, University of Liverpool)

Mel270 (Courtesy of the Sarah Coupland Lab, University of Liverpool)
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3. Centrosome
Amplification and
KIFC1 Function in

Primary and
Metastatic Uveal
Melanoma Cells



3.1. Results |



Metastatic Uveal Melanoma Cells Show High Levels of Centrosome Amplification

It is known that cancer cells of many different types display centrosome amplification
(Godinho et al., 2009). Recently, a large study of the NCI-60 panel of cancer and tissue-
matched normal cell lines was undertaken, with the prevalence of bona-fide centrosome
amplification in each cell line identified by dual staining with two centriole/centrosome
markers. The average frequency of centrosome amplification in non-cancerous cells was
found to be 7 + 3%. Therefore 13% (Mean + 2 SD) was defined as the cut-off point for

classifying cells as having centrosome amplification (Marteil et al., 2018).

To explore if centrosome amplification occurred in uveal melanoma, a set of cell lines derived
from the same patient (Mel270 from a primary tumour, Omm2.3 and Omm2.5 cells from two

distinct liver metastases) were examined by immunofluorescence.

Mel270, Omm2.3 and Omm?2.5 cells were grown on coverslips and 48 hours later, the cells
were fixed, stained for immunofluorescence with DAPI and a combination of anti-tubulin (to
identify spindles), anti-centrin (centriole marker) and anti-pericentrin (pericentriolar material
marker) antibodies were used to detect bona-fide extra centrosomes along with bipolar and
multipolar mitosis. To quantify the extent of centrosome amplification, multiple images were
taken of fields of all three cell lines where mitosis and centrosome amplification would clearly
be visible. From these images, cells with more than two centrosomes were counted (Figure

3.1).

Centrin Pericentrin Merge

Mel 270 — Multipolar Mitosis
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Ommz2.3 — Pseudo-Bipolar Mitosis

Omma2.5 — Interphase Centrosome Amplification
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Figure 3.1. Metastatic Uveal Melanoma Cell Lines Contain Amplified Centrosomes. A) Immunofluorescence
microscopy of Mel270 cells. B) Immunofluorescence microscopy of Omm2.3 cells. C) Immunofluorescence
microscopy of Omm2.5 cells. Cells were grown on coverslips for 48 h, processed for immunofluorescence and
stained with anti-centrin antibody and 488 nm-conjugated secondary (to stain centrioles green), anti-pericentrin
antibody and 555 nm-conjugated secondary (to stain centrosomes red) and DAPI (to stain DNA blue). D)
Quantification of centrosome amplification detected by immunofluorescence microscopy. Fields of cells were
imaged by confocal microscopy to visualise the centrosomes as above. The total number of cells on each field
was counted using Imagel, while cells in mitosis with more than 2 centrosomes were counted and plotted as
frequency of centrosome amplification. Between 3000 and 7000 cells were counted for each cell line. E) Example
of image used to quantify centrosome amplification displaying a field of Omm2.3 cells.

Centrosome Amplification (%)

Mel270

Oomm2.3
Oomm2.5
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Upon imaging fields of cells by confocal microscopy, the number of cells with amplified
centrosomes were counted. As the coverslips were not stained in a way that cells in G1 and
G2 could not be discriminated between, there was no way to know whether a cell with 2
centrosomes was in G1 with centrosome amplification or was in G2 with a normal number of
centrosomes. Therefore, the number of obviously mitotic cells with more than two

centrosomes were counted as positives against the total number of mitotic cells.

Examination of uveal melanoma cell lines by immunofluorescent confocal microscopy showed
that Omm?2.3 (Figure 3.1B) and Omm2.5 (Figure 3.1C) cells harboured extra centrosomes. As
shown in figure 3.2D, it was shown that Omm2.3 and Omm2.5 had similar levels of
centrosome amplification at 34% and 33% respectively, whereas Mel270 had lower levels of
centrosome amplification at 10%. In comparison to the analysis of the NCI-60 panel, it can be
concluded that the metastatic uveal melanoma cells examined here have a very high level of
centrosome amplification, as only 8 of the 53 cancer cell lines examined had >30% cells
displaying centrosome amplification. In contrast, Mel270 has a much lower level of

centrosome amplification, below the 13% threshold proposed by Marteil et al., 2018.
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Metastatic Uveal Melanoma Cells Undergo Efficient Centrosome Clustering

Cells with centrosome amplification require their centrosomes to be clustered to avoid
multipolar mitosis and aneuploidy. To explore if multipolar mitosis occurred in uveal
melanoma, Mel270, Omm2.3 and Omm2.5 cells were further examined by

immunofluorescence.

Mel270, Omm2.3 and Omm?2.5 cells were grown on coverslips and 48 hours later, the cells
were fixed, stained for immunofluorescence with DAPI and a combination of anti-tubulin (to
identify spindles), anti-centrin (centriole marker) and anti-pericentrin (pericentriolar material
marker) antibodies were used to detect bona-fide extra centrosomes along with bipolar and
multipolar mitosis. To quantify the extent of multipolar mitosis, multiple images were taken
of fields of all three cell lines where mitosis and the centrosomes would clearly be visible.

From these images, cells undergoing multipolar mitosis were counted (Figure 3.12).

DNA a-Tubulin Pericentrin Merge

Omm2.3 - Interphase Centrosome Amplification

Omm2.3 - Multipolar Mitosis
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Figure 3.2. Metastatic Uveal Melanoma Cell Lines Cluster Centrosomes and Undergo Multipolar Mitosis
Relatively Infrequently. A) Inmunofluorescence microscopy of an Omm2.3 cell with amplified centrosomes. B)
Immunofluorescence microscopy of an Omm2.3 cell with clustered centrosomes undergoing pseudo-bipolar
mitosis. C) Immunofluorescence microscopy of an Omm2.3 cell undergoing multipolar mitosis. Cells were grown
on coverslips for 48 h, processed for immunofluorescence and stained with anti-a-tubulin antibody and 488 nm-
conjugated secondary (to stain microtubules green), anti-pericentrin antibody and 555 nm-conjugated secondary
(to stain centrosomes red) and DAPI (to stain DNA blue). D) Quantification of multipolar mitosis detected by
immunofluorescence microscopy. Fields of cells were imaged by confocal microscopy to visualise mitotic cells as
above. The total number of cells on each field was counted using ImageJ, while cells in mitosis with more than 2
spindle poles were counted and plotted as frequency of multipolar mitosis. Between 3000 and 7000 cells were

counted for each cell line. E) Example of image used to quantify centrosome amplification displaying a field of
0Omm?2.3 cells.

Examination of uveal melanoma cell lines by immunofluorescent confocal microscopy showed
that Mel270 (Figure 3.2A), Omm2.3 (Figure 3.2B) and Omm2.5 (Figure 3.1C) underwent
multipolar mitosis. Upon imaging fields of cells by confocal microscopy, the number of cells
undergoing multipolar mitosis were counted. The frequency of multipolar mitosis was
calculated by counting the number of multipolar mitotic cells against the total number of
mitotic cells. As shown in figure 3.2D, it was found that Omm?2.3 had the highest incidence of
multipolar mitosis at 14% of the time, followed by Omm?2.5 at 12%, followed by Mel270 at

6% of the time. The fact that the frequency of multipolar mitosis always remains below the
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frequency of centrosome amplification shows that centrosome clustering is a fairy efficient

process.

Although this shows that Mel270 undergoes multipolar mitosis the most infrequently,
together the results shown in figures 3.1D and 3.2D show that Mel270 is the least proficient
in clustering its amplified centrosomes, clustering them 40% of the time, as opposed to 60%
in Omm2.3 and 66% of the time in Omm?2.5, calculated by taking the proportion of cells
undertaking multipolar mitosis and dividing that by the proportion of cells with centrosome
amplification. All in all, this data shows that Mel270 has the lowest levels of centrosome
amplification and multipolar mitosis but is also the least proficient in clustering amplified
centrosomes. Incidentally, this is to be expected as tumour grade is associated to centrosome
amplification and clustering capacity (Denu et al., 2016). Omm2.3 and Omm2.5 cells are
secondary metastases of Mel270, a primary tumour, which means that it is reasonable to
assume that they are of a higher tumour grade than Mel270 and thus also more likely to be

proficient in clustering centrosomes to pseudo-bipolar spindles.
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KIFC1 is Expressed and Localises to the Spindle During Mitosis in Uveal Melanoma Cell Lines

Having found that uveal melanoma cells have centrosome amplification, the focus shifted
onto the role of KIFC1 in this process, as is it often an invaluable protein in clustering extra
centrosomes during mitosis (Reviewed by Xiao and Yang, 2016). To explore KIFC1 dynamics
in uveal melanoma, Mel270, Omm2.3 and Omm2.5 cells were further examined by

immunofluorescence (Figure 3.3).

Mel270, Omm2.3 and Omm?2.5 cells were grown on coverslips and 48 hours later, the cells
were fixed, stained for immunofluorescence with DAPI and anti-tubulin and anti-KIFC1

antibodies were used to detect KIFC1.

DNA a-Tubulin KIFC1 Merge

Figure 3.3. KIFC1 is Expressed and Localises to the Spindle During Mitosis in Uveal Melanoma Cell Lines. A)
Immunofiuorescence microscopy showing a group of Omm2.3 cells with a cell undergoing bipolar mitosis. B)
Immunofluorescence microscopy showing a group of Omm?2.3 cells with a cell under multipolar mitosis - Note
how KIFC1 is localised most intensely to the spindle in cells in mitosis. Mel270, Omm2.3 and Omm2.5 cells were
grown on coverslips for 48 h, processed for immunofluorescence and stained with anti-a-tubulin antibody and
488 nm-conjugated secondary (to stain microtubules green), anti-KIFC1 antibody and 555 nm-conjugated
secondary (to stain KIFC1 red) and DAPI (to stain DNA blue).

KIFC1 is differentially expressed in cells across the cell cycle. As seen in figure 3.3, KIFC1 is
present in the nucleus throughout interphase before being translocated to the mitotic spindle
during mitosis. This occurs in both bipolar mitosis (Figure 3.3A) and multipolar mitosis (Figure

3.3B).
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Two Independent KIFC1 siRNAs Efficiently Deplete KIFC1 in Uveal Melanoma Cell Lines

To understand the role of KIFC1 in uveal melanoma cells, Mel270, Omm2.3 and Omm?2.5 were
treated with anti KIFC1 siRNA. Western blots were carried out to confirm whether the siRNA

transfection worked and KIFC1 protein levels were depleted satisfactorily (Figure 3.4).

Mel270, Omm2.3 and Omm2.5 cells were mock transfected, transfected with a control siRNA
or with one of two independent siRNAs against KIFC1 and left to grow before the cells were

lysed and processed to perform Western blots.
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Figure 3.4. Two Independent KIFC1 siRNAs Efficiently Deplete KIFC1 in Uveal Melanoma Cell Lines. Mel270,
0Omm2.3 and Omm2.5 cells were plated and transfected with either KIFC1 4 siRNA, KIFC1 5 siRNA, negative
control siRNA or were mock transfected. 48 h post siRNA transfection, cells were hot lysed with Laemmli buffer
and run on SDS-PAGE gels made with 10% acrylamide before being transferred to nitrocellulose membrane.
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The nitrocellulose blots were probed with anti-KIFC1 antibody and Donkey anti-Rabbit IRDye 680RD secondary
antibody, along with anti-a-tubulin antibody (loading control) and Donkey anti-mouse IRDye 800CW secondary
antibody before imaging using a LiCOR Odyssey Fc machine (A).

The intensity for each band was quantified and the intensity values for KIFC1 expression were normalised against
the intensity values for a-tubulin, the loading control protein, and plotted in a graph (B).

As shown in Figure 3.4, KIFC1 4 siRNA and KIFC1 5 siRNA efficiently deplete KIFC1 expression
in Mel270, Omm2.3 and Omm2.5 cells. Furthermore, the negative control siRNA does not

affect KIFC1 expression. These siRNAs were deemed suitable to use in further experiments.

It is important to note, however, that Omm2.3 and Omm2.5 cells seem to express no more
KIFC1 in mock conditions than Mel270 cells, and maybe even express KIFC1 slightly less
(Figure 3.4B), despite the increased centrosome amplification and frequency of multipolar
mitosis. This also may imply that any mutations to amplify KIFC1 (assuming KIFC1 is
overexpressed) may be early mutations that occurred before metastasis. Although there has
been no study published which looks specifically at KIFC1 expression in uveal melanoma, it is
known that Mel270 cells contain four copies of chromosome 6p, which is where the KIFC1
gene is located (Reviewed by Jager et al., 2016). It may be reasonable to assume that these

amplifications are still present in the secondary Omm2.3 and Omm2.5 cells.
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KIFC1 Knockdown Decreases the Mitotic Index of Uveal Melanoma Cell Lines

Aside from clustering extra centrosomes, existing evidence also implicates KIFC1 as having a
role in cell proliferation (Pannu et al., 2015b). To begin to understand whether this was the
case in Mel270, Omm?2.3 and Omm2.5 cells, KIFC1 was knocked down and the mitotic indices

of these cell lines were calculated by immunofluorescence imaging (Figure 3.5).

Mel270, Omm2.3 and Omm2.5 cells were grown on coverslips and mock transfected,
transfected with a control siRNA or with one of two independent siRNAs against KIFC1. 48
hours later, the cells were fixed, stained for immunofluorescence with DAPI and anti-tubulin

and anti-pericentrin antibodies were used to detect mitotic cells.
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Figure 3.5. KIFC1 Knockdown Decreases the Mitotic Index of Uveal Melanoma Cell Lines. A)
Immunofluorescence microscopy of a field of Omm?2.3 cells treated with negative control siRNA. B) A close-up of
the field of Omm?2.3 cells treated with negative control siRNA - Note the relative ease of identifying bipolar mitotic
(white arrows) and multipolar mitotic cells (red arrow) among non-mitotic cells. Cells were grown on coverslips
and transfected with either KIFC1 4 siRNA, KIFC1 5 siRNA, negative control siRNA or were mock transfected. 48
h post siRNA transfection, cells were processed forimmunofluorescence and stained with anti-a-tubulin antibody
and 488 nm-conjugated secondary (to stain microtubules green), anti-pericentrin antibody and 555 nm-
conjugated secondary (to stain centrosomes red) and DAPI (to stain DNA blue). D) Quantification of mitotic index
detected by immunofluorescence microscopy. The total number of cells on each field was counted using ImageJ,
while cells visibly in mitosis were counted by eye and the percentages plotted relative to mock. Between 3000
and 19,000 cells counted for each condition.

Examination of uveal melanoma cell lines by counting the number of visibly mitotic cells
(Figure 3.5B) on images of cell fields obtained by immunofluorescence imaging (Figure 3.5A)
and comparing them to the total number of cells showed that KIFC1 knockdown negatively
affected the mitotic index of all three cell lines (Figure 3.5C). Furthermore, it was found that
Omm?2.3 and Omm2.5 had similar mitotic indices of 1.51 and 1.55 respectively, followed by

Mel270 at 0.77 (Figure 3.6).
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KIFC1 knockdown reduced the mitotic index of all three cell lines (Figure 3.5C). Omm?2.5
seemed to be the most sensitive to KIFC1 knockdown, with a 40% and 50% decrease upon

treatment with KIFC1 4 siRNA and KIFC1 5 siRNA respectively. Omm?2.3 followed with 27%
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and 35% decreases, while Mel270 followed with 30% and 20% decreases in mitotic index upon

treatment with KIFC1 4 and 5 siRNAs respectively.

In relation to cells expressing KIFC1 to avoid multipolar mitosis, these results are as expected
as Mel270 had the lowest levels of centrosome amplification (Figure 3.2C) and lowest
clustering ability (Figure 3.2D), implying that it required KIFC1 the least. Meanwhile, Omm?2.3
and Omm2.5, which had high centrosome amplification and were proficient in clustering
centrosomes had higher decreases in mitoticindex upon KIFC1 knockdown, showing that they

relied on it more.
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KIFC1 Knockdown Reduces Proliferation in Mel270 Cells

To explore the effects of KIFC1 knockdown on cell proliferation upon KIFC1 knockdown and

verify the decrease in mitotic index in Mel270, Omm2.3 and Omma2.5, an MTT cell

proliferation assay was carried out (Figure 3.7). This would allow comparison of the metabolic

activity of a group of cells, which would indicate the number of cells present.

Mel270, Omm2.3 and Omm2.5 cells were mock transfected, transfected with a control siRNA

or with one of two independent siRNAs against KIFC1 and plated. Cell numbers were then

estimated over 5 days by colorimetry.
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Figure 3.7. KIFC1 Knockdown Reduces Proliferation in Mel270 Cells. A) Line graph showing growth of Mel270
cells at day 1, 3 and 5 post mock (blue), negative control siRNA (orange), KIFC1 4 siRNA (grey) or KIFC1 5 siRNA
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(vellow) treatment. B) Line graph showing growth of Omm?2.3 cells at day 1, 3 and 5 post mock (blue), negative
control siRNA (orange), KIFC1 4 siRNA (grey) or KIFC1 5 siRNA (yellow) treatment. C) Line graph showing growth
of Omm2.5 cells at day 1, 3 and 5 post mock (blue), negative control siRNA (orange), KIFC1 4 siRNA (grey) or
KIFC1 5 siRNA (yellow) treatment. Mel270, Omm2.3 and Omm2.5 cells were seeded in 96 well plates and
transfected with either KIFC1 4 siRNA, KIFC1 5 siRNA, negative control siRNA or were mock transfected. One,
three and five days post siRNA transfection, MTT reagent was added and the cells were left for 4 hours before
the cells were processed for colorimetry and scanned at 590 nm. Cell proliferation decreased in all cell lines upon
KIFC1 knockdown but was most pronounced in Mel270. Readings averaged and normalised against background,
expressed relative to day 1. Error bars plotted as 1 standard deviation. Technical repeats=6.

The five-day MTT assay showed that siRNA knockdown of KIFC1 decreased growth relative to
mock and negative control groups in Mel270 (Figure 3.7A), Omm2.3 (Figure 3.7B) and
Omm?2.5 (Figure 3.7C). This is expected considering the change in mitotic index outlined
earlier. However, the extent of change varied across cell lines. Omm2.3 and Omm2.5 showed
modest decreases in cell proliferation relative to the negative control group upon KIFC1 4 and
KIFC1 5 siRNA treatment, showing reductions of 8% and 20% respectively in Omm2.3 and
reductions of 21% and 19% respectively in Omm2.5. Meanwhile, Mel270 showed much
greater decreases of 46% and 64% compared to the negative control group when treated with

KIFC1 4 and KIFC1 5 siRNAs respectively.

This was unexpected, as the low-level centrosome amplification and clustering in Mel270 in
wild-type conditions implied that KIFC1 would be relatively dispensable, especially when
compared to Omm2.3 and Omm2.5. Although there is some variation between the negative
controls and between the KIFC1 4 and 5 siRNAs in Mel270, it is clear that Mel270 cells are

affected by KIFC1 knockdown more than Omm2.3 and Omm?2.5, which is unexpected.
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KIFC1 Knockdown Reduces Clonogenicity in Uveal Melanoma Cell Lines

To further explore how KIFC1 knockdown affected cell growth, an alternative method to
measure cell proliferation, the clonogenic assay, was used to assess change in clonogenic

capacity of Mel270, Omm2.3 and Omm?2.5 cells upon KIFC1 knockdown (Figure 3.8).

Mel270, Omm2.3 and Omm?2.5 cells were mock transfected, transfected with a control siRNA
or with one of two independent siRNAs against KIFC1 and plated at a low density. 21 days
later, the cells were fixed and stained with crystal violet to visualise colonies, which were

imaged and analysed using a GelCount colony counter.
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Figure 3.8. KIFC1 Knockdown Reduces Clonogenicity in Uveal Melanoma Cell Lines. A) image of one set of
three clonogenic plates stained with crystal violet. Mel270, Omm2.3 and Omm2.5 cells were transfected with
either KIFC1 4 siRNA, KIFC1 5 siRNA, negative control siRNA or were mock transfected and seeded at very low
density. 21 days later, the cells were fixed, stained with Crystal Violet and the number of colonies were counted.
B) A graph showing number of colonies in Mel270, Omm2.3 and Omm2.5 upon mock or negative control siRNA,
KIFC1 4 siRNA or KIFC1 5 siRNA treatment. Error bars plotted as 1 standard deviation. Independent biological
repeats=3. Statistics were performed in OriginPro 2019b. A Shapiro-Wilk test was used to test for normality of
each set of data. This showed that the data for the Negative Control, KIFC1 4 siRNA and KIFC1 5 siRNA was
significantly drawn from a normally distributed population at the 0.05 level, although there was not enough
information to draw a conclusion for the Mock as the data was normalised to Mock readings. A repeated
measures, One-Way ANOVA with Dunnett’s multiple comparison test was then used to test for significance
between the Negative Control and KIFC1 4 and KIFC1 5 siRNAs. **p<0.001, ***p<0.0001. KIFC1 knockdown
affects clonogenicity of Mel270 but not Omm2.3 and Omm2.5.

The clonogenic growth assay in uveal melanoma cell lines showed that KIFC1 knockdown
negatively affected the colony forming ability of Mel270 (Figure 3.8). Mirroring the results
from the MTT assay, Mel270 cells were far more sensitive to KIFC1 knockdown by KIFC1 4 and
KIFC1 5 siRNA treatment than Omm2.3 and Omm?2.5. Counting of colonies showed that the
number of colonies formed by Mel270 when treated by KIFC1 4 and 5 siRNA fell by 88% and
93% respectively when compared to negative control groups. As this data was normally
distributed, a repeated measures, One-Way ANOVA with Dunnett’s multiple comparison test

showed that there was a significant difference between Mel270 cells treated with Negative
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Control siRNA and Mel270 cells treated with KIFC1 siRNAs at p<0.0001. Importantly however,
there was also a significant difference between mock Mel270 cells and negative control

Mel270 cells at p<0.001.

In contrast, there was no significant difference in the clonogenicity of Omm2.3 and Omm?2.5
treated with KIFC1 4 siRNA and KIFC1 5 siRNA when compared to the negative control treated
cells. Coupled with the large variability in results across the 3 independent repeats for
Omm2.3 and Omm2.5, this indicates that these cell lines are not very sensitive to KIFC1
depletion when forming colonies. However, as shown by the MTT assays, Omm2.3 and
Omm?2.5 cells have a higher metabolism than Mel270 and so the question arises whether the
KIFC1 depletion effect was maintained throughout the 21 days, or whether these cells merely

recovered after the KIFC1 siRNA effect was sufficiently diluted within the cells.
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KIFC1 Knockdown Has No Effect on Cell Cycle Dynamics in Uveal Melanoma Cell Lines

Evidence exists that KIFC1 depletion slows down the cell cycle (Pannu et al., 2015b) and delays
mitotic exit (Kim and Song, 2013). To see if this was the case in Mel270, Omm2.3 and Omm2.5

cells, changes in the cell cycle upon KIFC1 knockdown were explored.

Mel270, Omm2.3 and Omm2.5 cells were mock transfected, transfected with a control siRNA
or with one of two independent siRNAs against KIFC1. 48 hours later, cells were fixed, stained

with propidium iodide and the cell cycle was analysed by flow cytometry (Figure 3.9).
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3.9. KIFC1 Has No Effect on the Cell Cycle in Uveal Melanoma Cells. A) Bar graph showing cell cycle distribution
of Mel270 cells. B) Bar graph showing cell cycle distribution of Omm2.3 cells. C) Bar graph showing cell cycle
distribution of Omm2.5 cells with mock (blue), negative control siRNA (orange), KIFC1 4 siRNA (grey) or KIFC1 5
SiRNA (yellow) treatment. Mel270, Omm2.3 and Omm2.5 cells were transfected with either KIFC1 4 siRNA, KIFC1
5 siRNA, negative control siRNA or were mock transfected and seeded at very low density. The cells were fixed
with ice cold methanol, treated with RNAse A, stained with propidium iodide and analysed by flow cytometry.

As shown in figure 9, KIFC1 depletion had no profound effect on the cell cycle distribution of
Mel270, Omm2.3 and Omm?2.5. Although KIFC1 depletion has been shown to affect cyclin
expression and cell cycle distribution in some cancer types (Pannu et al., 2015b), it has also

been shown to have no effect in other cancer types (Fu et al., 2018).

Under mock conditions, the proportion of cells in G2/M were similar in all three cell lines,
ranging between 10-13%. However, Omm2.5 had the highest proportion of cells in S phase
(27%) and the fewest proportion of cells in G1 (57%) when compared to Omm2.3 (67% and
21%) and Mel270 (66% and 17%).
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KIFC1 Knockdown Increases Apoptosis in Uveal Melanoma Cell Lines

KIFC1 overexpression has been shown to reduce apoptosis in cancer cells, both by limiting
multipolar mitosis as well as by increasing survival signalling (Pannu et al., 2015b). Therefore,
to understand how KIFC1 knockdown changed cell proliferation and colony formation in
Mel270, Omm2.3 and Omm2.5 cell lines without changing cell cycle dynamics, the effect of

KIFC1 depletion on apoptosis was examined by immunofluorescence imaging (Figure 3.10).

Mel270, Omm2.3 and Omm2.5 cells were grown on coverslips and mock transfected,
transfected with a control siRNA or with one of two independent siRNAs against KIFC1. 48
hours later, the cells were fixed, stained for immunofluorescence with DAPI and an anti-
cleaved caspase 3 antibody was used to detect apoptotic cells due to the role of cleaved

caspase-3 in apoptosis (Mcllwain et al., 2013).
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Figure 3.10. KIFC1 Knockdown Increases Apoptosis in Uveal Melanoma Cells. A) Immunofluorescence
microscopy of a field of Omm2.5 cells treated with KIFC1 5 siRNA. B) Close-up of the field of Omm2.5 cells treated
with KIFC1 5 siRNA. Mel270, Omm2.3 and Omm2.5 cells were grown on coverslips and transfected with either
KIFC1 4 siRNA, KIFC1 5 siRNA, negative control siRNA or were mock transfected. 48 h post siRNA transfection,
cells were processed for immunofluorescence and stained with anti-a-tubulin antibody and 488 nm-conjugated
secondary (to stain microtubules green), anti-cleaved caspase-3 antibody and 555 nm-conjugated secondary (as
apoptotic marker, red) and DAPI! (to stain DNA blue). D) Quantification of apoptosis detected by
immunofluorescence microscopy. The total number of cells on each field was counted using ImageJ, while cells
stained red were counted by eye and the percentages plotted relative to mock. Between 300 and 12,000 cells
were counted for each condition. Red cells indicated cleaved caspase-3 expression and were counted as positive
apoptosis signals and plotted as % apoptotic cells for each cell line. The frequency of apoptosis increased upon
KIFC1 knockdown in Mel270, Omm2.3 and Omm2.5.

Examination of apoptosis in uveal melanoma cell lines by counting cleaved capase-3 positive
cells on images obtained by confocal microscopy showed that the basal apoptosis level of
Mel270 was more than 10-fold higher than the basal apoptosis level of Omm?2.3 and Omm?2.5
(Figure 3.10C).

Furthermore, transfection with KIFC1 siRNA markedly increased the proportion of apoptotic
cells in Mel270, Omm2.3 and Omm?2.5 cells when compared to mock and negative control
treated cells. The frequency of cleaved caspase-3 expression increased in Omm2.5 the most,
showing 240% and 300% increases over mock cells when treated with KIFC1 4 and KIFC1 5
siRNAs. Omm2.3 showed a smaller increase in the frequency of cleaved caspase-3 expression,
with 200% and 260% increases, while Mel270 showed the smallest increase, with 50% and
70% increases compared to mock cells when treated with KIFC1 4 and KIFC1 5 siRNAs

respectively.
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Nevertheless, although Mel270 showed the smallest % increase in apoptosis upon KIFC1
depletion, the absolute frequency of apoptosis rose to greater than 10% following KIFC1
depletion, which means KIFC1 knockdown is far more likely to induce a cell growth effect in
Mel270. This is in comparison to an absolute level of 2% apoptosis in Omm2.3 and Omm?2.5
after KIFC1 depletion, which may have relatively little effect on cell proliferation. However,
these results seemingly disagreed with the results of the cell cycle distribution analysis by
flow cytometry, in which the population of sub-G1 group did not substantially increase as

expected in Mel270.
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KIFC1 Knockdown Increases Multipolar Mitosis in Mel270

One possible explanation for the stark negative effect of KIFC1 knockdown on Mel270,
especially when compared to Omm2.3 and Omm2.5, is that the frequency of multipolar
mitosis in Mel270 may increase upon KIFC1 knockdown. Therefore, the effect of KIFC1

knockdown on Mel270 was examined by immunofluorescence (Figure 3.11).

Mel270 cells were grown on coverslips and mock transfected, transfected with a control
siRNA or with one of two independent siRNAs against KIFC1. 48 hours later, the cells were
fixed, stained for immunofluorescence with DAPI and anti-o-tubulin, anti-centrin and anti-

pericentrin antibodies were used to identify cells undergoing mitosis and visualise the

centrosomes.
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Figure 3.11. KIFC1 Knockdown Increases Multipolar Mitosis in Mel270. A) Immunofluorescence microscopy
showing a field of Mel270 cells with mock treatment made up of merged DNA, centrin and pericentrin channels.
B) Immunofluorescence microscopy showing the same field of Mel270 cells made up of merged DNA, centrin,
pericentrin and o-tubulin channels. Image A allows examination of the centrosome, while image B allows
identification of mitosis. C) Zoomed in image of micrograph A to show close ups of pseudo-bipolar (white arrow)
and multipolar (red arrow) spindles. D) Zoomed in image of micrograph B to show close ups of pseudo-bipolar
(white arrow) and multipolar (red arrow) mitosis. Mel270 cells were grown on coverslips and transfected with
either KIFC1 4 siRNA, KIFC1 5 siRNA, negative control siRNA or were mock transfected. 48 h post siRNA
transfection, cells were processed for immunofluorescence and stained with anti-centrin antibody and 488 nm-
conjugated secondary (to stain centrioles green), anti-pericentrin antibody and 555 nm-conjugated secondary
(to stain centrosomes red), anti-a-tubulin antibody and 647 nm-conjugated secondary (to stain microtubules
grey) and DAPI (to stain DNA blue. E) Quantification of multipolar mitosis detected by immunofluorescence
microscopy. Cells in multipolar mitosis were counted by eye, compared to the total number of mitotic cells and
plotted relative to mock. Between 37 and 50 mitotic cells counted for each condition. KIFC1 knockdown increased
multipolar mitosis in Mel270.

Examination of the frequency of multipolar mitosis among the population of mitotic Mel270
cells showed that KIFC1 knockdown increases multipolar mitosis. This is expected, as KIFC1 is
known to cluster amplified centrosomes prior to anaphase (Kwon et al., 2008). As seen in
figure (Figure 3.11E), the incidence of multipolar mitosis increases from approximately 6% in
mock and negative control siRNA treated cells to 12.2% and 11.6% upon treatment with KIFC1
4 and KIFC1 5 siRNAs respectively.

Uncorrected multipolar mitosis usually leads to apoptosis, either due to prolonged mitotic
arrest or massive aneuploidy in daughter cells. A twofold increase in multipolar mitosis in

Mel270 could potentially double the number of cell deaths which occur due to multipolar
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mitosis. However, the increase in multipolar mitosis would only affect cells undergoing
mitosis, which occur at a relatively low rate (Figure 3.6), and so is unlikely to explain the large
increase in Mel270 cells undergoing apoptosis or the huge decrease in cell proliferation

observed on the clonogenic and MTT assays.

An unexpected finding from this experiment was that the frequency of multipolar mitosis
upon KIFC1 knockdown (12%) was higher than the amounts of centrosome amplification in
Mel270 reported in Figure 3.2 (10%). Although this increase is unlikely to be statistically
significant given the number of cells counted in these experiments, it does raise the possibility
that a process other than centrosome amplification was causing multipolar mitosis. Assuming
this might be the case, it was hypothesised that a possible cause of the high incidence of

multipolar mitosis may be the formation of acentriolar spindle poles.
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Mel270 Does Not Contain Acentriolar Spindle Poles

One possibility for the relatively high incidence of multipolar mitosis upon KIFC1 knockdown
in Mel270 when compared to the relatively low levels of centrosome amplification is that
Mel270 may harbour acentriolar spindle poles. Acentriolar spindle poles are MTOCs which
contain clusters of pericentrin, but do not contain centrioles and therefore are not true
centrosomes. These work as viable spindles poles and can be clustered by KIFC1 and so take

part in multipolar mitosis upon KIFC1 knockdown (Kleylein-Sohn et al., 2012).

To explore whether this was the case, cells stained with anti-a-tubulin, anti-centrin and anti-
pericentrin antibodies were imaged at a higher magnification to confirm or deny the presence

of acentrosomal spindle poles in Mel270.

DNA Centrin Merge
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Figure 3.12. Mel270 Does Not Contain Acentriolar Spindle Poles. A) Imnmunofluorescence microscopy of Mel270
under mock conditions undergoing pseudo-bipolar mitosis. B) Immunofluorescence microscopy of Mel270
treated with KIFC1 5 siRNA undergoing multipolar mitosis. Mel270 cells previously processed for
immunofiuorescence and stained with anti-centrin antibody and 488 nm-conjugated secondary (to stain
centrioles green), anti-pericentrin antibody and 555 nm-conjugated secondary (to stain centrosomes red), anti-
a-tubulin antibody and 647 nm-conjugated secondary (to stain microtubules grey) and DAPI (to stain DNA blue)
were imaged at a high magnification to clearly view the spindles during mitosis. These images show the presence
of centrin (green), a key component of centrioles, in each centrosome, and thus the lack of acentriolar spindles.

Upon closer examining the slides shown in figure 3.11 for mitotic cells whose spindle poles
contained no centrioles, also known as acentriolar spindle poles, it was found that Mel270
cells do not hold acentriolar spindle poles. Most cells undergoing mitosis, be it bipolar,

pseudo-bipolar or multipolar mitosis, resembled the cells shown in figure 3.12.

While this experiment did further characterise the relatively unknown Mel270 cells, it
provided no answers as to whether the greater incidence of multipolar mitosis in KIFC1-
depleted Mel270 cells compared to the levels of overall centrosome amplification was the

product of another process, such as acentriolar spindle formation.
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3.2. Discussion |



3.2.1. Centrosome Amplification and Multipolar Mitosis in Uveal Melanoma Cells

Uveal Melanoma Cells Harbour Extra Centrosomes and Undergo Centrosome Clustering

To analyse whether Mel270 (primary uveal melanoma), Omm2.3 and Omm2.5 (liver
metastases from the original Mel270 primary tumour) had centrosome amplification, the cells
were imaged and analysed by immunofluorescent microscopy. As shown in figure 3.1, the
metastatic uveal melanoma cell lines have a high degree of centrosome amplification when
compared to the primary Mel270 cells. As these cell lines are from the same patient, they
present a good model as to how centrosome amplification may develop in cancer. Omm?2.3
undergoes multipolar mitosis most frequently at 14%, followed by Omm2.5 at 12% and
Mel270 at 6% of mitoses. The fact that the proportion of cells undergoing multipolar mitosis
is smaller than the proportion of cells undergoing centrosome amplification shows that

centrosome clustering is mostly an efficient process.

In a large-scale screen of the extent of centrosome amplification in a panel of 60
representative cancer cell lines termed the NCI-60, including five non-transformed matched
cell lines, it was found that 7% + 3% of normal cells had centrosome amplification. Setting the
cut-off at two standard deviations above the mean suggested that greater than 13% of cells
with centrosome amplification would be considered for a cell line to have significant
centrosome amplification (Marteil et al., 2018). Based on this, our data shows that Mel270
would be considered to have insignificant centrosome amplification (10%), while Omm2.3
(34%) and Omm2.5 (33%) would be considered to have extremely high centrosome

amplification and would rank 7t and 8t highest if placed amongst the NCI-60.

Nevertheless, although Mel270 undergoes multipolar mitosis the most infrequently, together
these results show that Mel270 clusters its amplified centrosomes the least efficiently when
compared to Omm2.3 and Omm?2.5, as 60% of Mel270 cells with extra centrosomes undergo
multipolar mitosis, as opposed to 40% and 34% of Omm2.3 and Omm?2.5 cells with amplified
centrosomes. Overall, this data shows that Mel270 has the lowest levels of centrosome
amplification and multipolar mitosis but is also the least proficient in clustering amplified
centrosomes. This was not unexpected as centrosome amplification causes high-grade

features, and higher levels of centrosome amplification are associated with poor prognosis
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(Denu et al., 2016). Afterall, Omm2.3 and Omm2.5 cells are secondary metastases of the

primary tumour that Mel270 was derived from.

In fact, it would not be surprising that centrosome amplification matches the difference in
grade between Mel270 and Omm2.3 and Omm2.5. This is because although centrosome
amplification can occur very early in cancer and can initiate tumorigenesis during
transplantation experiments (Basto et al., 2008), (Levine et al., 2017), it also dictates higher
grade (Denu et al., 2016). However, in a bioinformatics screen of nearly 10,000 tumours from
TGCA datasets spanning over 30 cancer types, the centrosome amplification-linked
transcriptomic signature of primary uveal melanoma was relatively low compared to other
cancers (de Almeida et al., 2019). Despite this, it is important to mention that the TGCA data
are not yet available for metastatic uveal melanoma, and so the results from our matched cell
model would predict a higher expression of centrosome amplification-linked genes in

metastatic uveal melanoma.

Furthermore, there is good evidence to suggest that centrosome amplification can drive
metastatic phenotypes. It is possible that the increased centrosome amplification and
associated genomic instability enabled cells to detach from the primary tumour and
successfully metastasise, later becoming the Omm2.3 and Omm2.5 lines. Amplified
centrosomes alter microtubule dynamics inside cells and alter directional migration
(Reviewed by Ogden et al.,, 2013), and through increased centrosomal microtubule
nucleation, disrupt adhesion to promote invasion (Godinho et al., 2009). Centrosome
amplification can also induce invasiveness in a non-cell autonomous manner, where adding
media in which cells with centrosome amplification had previously grown increases cell

invasiveness in cells without centrosome amplification (Arnandis et al., 2018).

In this experiment, only cells in mitosis were analysed to assess whether they had centrosome
amplification as mitosis was easily identified by microscopy, while cells in G1 could not be
differentiated with cells in G2. This is important because a cell with two visible centrosomes
in G1 would be considered to have centrosome amplification, whereas a cell in G2 with two
centrosomes would have a normal number of centrosomes. To improve this experiment, cells
could be stained with cyclin D, which is expressed up until the S-phase boundary before it is
degraded (Reviewed by Alao, 2007) which would allow analysis of every cell on a field image,
thus increasing the statistical power of the results.

95



KIFC1 knockdown in Mel270 Increases the Frequency of Multipolar Mitosis

To understand why KIFC1 depletion disproportionately affects the growth of Mel270, Mel270
cells were treated with KIFC1 siRNA and the frequency of multipolar mitosis was analysed by
immunofluorescence. Figure 3.11 shows that KIFC1 knockdown increases the frequency of

multipolar mitosis twofold.

This is expected as it is well known that KIFC1 clusters amplified centrosomes to bipolar
spindles, while depletion of KIFC1 induces multipolar mitosis in cells with amplified
centrosomes (Kwon et al., 2008). Although it is not known exactly how KIFC1 clusters
centrosomes, a mechanism has been proposed that KIFC1 does so during prometaphase
(Reviewed by Xiao and Yang, 2016). Without the clustering ability of KIFC1, it is likely that
Mel270 cells would improperly complete centrosome clustering and instead undergo

multipolar mitosis.

The increase in multipolar mitosis upon KIFC1 knockdown in Mel270 partially explains the
decrease in proliferation seen in Mel270 upon KIFC1 knockdown, shown in figure 3.7, as it is
well known that multipolar mitosis almost always causes apoptosis or growth arrest. When
the progeny of spontaneous multipolar mitoses in a range of cancer cells were tracked over
four days, it was found that most of the first generation died, while a few went into growth
arrest and approximately a fifth successfully divided again. However, the entirety of the
second generation died or underwent growth arrest, thus eliminating the progeny of

multipolar mitotic cells regardless of the tissue of origin (Ganem et al., 2009).

The incidence in multipolar mitosis upon KIFC1 knockdown in Mel270 (approx. 12%, Figure
3.11) matches or slightly exceeds the incidence of centrosome amplification in mock Mel270
cells (approx. 10%, Figure 3.1). If these figures were found to be statistically significant in the
future, there would be three possible explanations for this observation. The first and perhaps
most likely is that without KIFC1, cells with centrosome amplification are unable to cluster
their centrosomes and therefore close to 100% of the cells with centrosome amplification
display multipolar mitoses. The two remaining possibilities are that either KIFC1 knockdown

increased centrosome amplification, which has been shown to not occur in other models
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(Kleylein-Sohn et al., 2012), or that Mel270 may harbour alternative, acentriolar microtubule

organising complexes (MTOCs) following KIFC1 depletion.

Mel270 Does Not Harbour Acentriolar Spindle Poles

As KIFC1 knockdown is not known to increase the incidence of centrosome amplification in
cancer cells (Kleylein-Sohn et al., 2012), it was somewhat surprising to see that the frequency
of multipolar mitosis upon KIFC1 knockdown in Mel270 (12%, Figure 3.11) increased slightly
beyond the incidence of centrosome amplification in mock Mel270 cells (10%, Figure 3.1).
Although this increase may not be significant, it does suggest that KIFC1 knockdown resulted
in nearly 100% of Mel270 cells with centrosome amplification being unable to cluster their
centrosomes. However, if the slight increase in multipolar mitosis beyond centrosome
amplification was significant, a hypothesis of how this occurs could be by the formation of
acentriolar spindle poles. Also known as acentrosomal spindles poles, they are MTOCs formed
independently of centrioles (Schuh and Ellenberg, 2007). These are normally seen in cells
without centrosomes, such as female germ cells, higher plants or cells artificially depleted of
centrosomes. In these cells, a Ran-GTP gradient accumulates around chromosomes relative
to the cytoplasm to induce nucleation of microtubules around the chromosomes (Reviewed
by Kalab and Heald, 2008), while also promoted and organised by Augmin-HAUS. The resulting
structure is then incorporated into a bipolar spindle by kinesins including KIFC1 and act like
bona-fide centrosomes in cells with more than two spindle poles, being focused for pseudo-
bipolar mitosis. Furthermore, depletion of KIFC1 in cells with acentriolar spindles causes
defective spindle assembly and pole focussing, causing spindle poles to fragment and thus

induce multipolar mitosis (Kleylein-Sohn et al., 2012).

For this experiment, acentriolar spindles were characterised as a nucleation of microtubules
surrounded by pericentrin but devoid of centrin, a key component of centrioles. Therefore,
immunofluorescent images of cells stained for DNA, a-tubulin, centrin and pericentrin were
taken and analysed for the presence of a cell undergoing mitosis in which a spindle pole
contained pericentrin but not centrioles. It was found that neither Mel270, Omm2.3 or
Omm2.5 contained acentriolar spindles, rather most cells undergoing mitosis had

centrosomes resembling those presented in figure 3.12. Although this gave an interesting
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insight into these cell lines, it provided no answer as to how KIFC1 depletion increased the
frequency of multipolar mitosis beyond the level of centrosome amplification in mock Mel270

cells.

It has recently been discovered that in cancer cells, KIFC1 is involved in regulation of nuclear
membrane maintenance, chromatin distribution and participates in DNA synthesis (Zou et al.,
2014). Therefore, an alternative explanation could be that KIFC1 knockdown and the resultant
improper division of the chromosomes induced chromosomal aberrations, DNA damage or
mutations to critical components of the centrosome cycle, thus inducing further centrosome
amplification. However, we do not have evidence that this is occurring in Mel270 cells. Overall
then, more work needs to be carried out to understand if KIFC1 depletion is causing an

increase centrosome amplification in Mel270 cells and if so, how this might occur.
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3.2.2. KIFC1 Depletion Negatively Affects Growth in Uveal Melanoma Cells

KIFC1 Depletion Reduces Mitotic Index

Confocal microscopy and subsequent analysis of primary and secondary uveal melanoma cell
lines showed that KIFC1 depletion reduced the mitotic index of these cell lines. As presented
in figure 3.5, treatment with KIFC1 4 and KIFC1 5 siRNA decreased mitotic index by 40% and
50% in Omm2.5, 27% and 35% in Omm2.3 and 20% and 30% in Mel270 respectively when
compared to mock treatment. This was expected, as it has been well established that KIFC1
affects cancer cell proliferation. However, the difference in the effect of KIFC1 knockdown on
mitotic index (Figure 3.5C) between Mel270 and the Omm cell lines was not proportional to
the differences in centrosome amplification and multipolar mitosis (Figure 3.1D and 3.2D).
This was the first indication that KIFC1 had a function other than centrosome clustering in
uveal melanoma cells, and especially in Mel270 cells. Although this is the first study to
examine the role of KIFC1 in uveal melanoma cells, only once has it been reported that cells
with and without artificial centrosome amplification both overexpressed proliferation
markers upon overexpression of KIFC1 (Pannu et al., 2015b). Conversely, many studies

regarding the role of KIFC1 in cancer use cell lines with centrosome amplification.

The measured mitotic index in this case was defined as the number of observable cells
undergoing mitosis in a certain field divided the total number of cells in the field, presented
as a percentage. Mitotic index is used commonly in grading classifications, for example the
Elston-Ellis grading system for breast cancers, the French Federation of Cancer Centres
Sarcoma Group and to distinguish between different neuroendocrine tumours (Kriegsmann

and Warth, 2016).

Mitotic index is generally calculated as the number of cells between prophase and telophase
divided by the total number of cells (Kim et al., 2007). However, as seen in figure 3.5B, the
staining conditions are such that it is not always obvious what constitutes a cell in prophase
or telophase. This, along with the subjective nature of identifying mitotic figures likely means
that cells early in prophase and very late in telophase may be missed, possibly
underestimating the reported mitotic indexes. However, consistent counting means that any
underestimates will likely apply across all cell lines and conditions, and thus comparisons

between these likely still stand. Nevertheless, this experiment could have been improved by
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staining for a target expressed very soon after G2, a criterion fulfilled by Phosphohistone H3.
Incidentally, World Health Organisation (WHO) grading classifications which rely on mitotic
indexes recommend using phosphohistone H3 as a proliferation marker, which has been
shown to yield greater sensitivity than the Ki67 labelling index, another common proliferation

index (Kim et al., 2007).

KIFC1 Depletion Reduces Proliferation

To understand whether the observed decrease in mitotic index upon KIFC1 depletion would
manifest long term, an MTT assay was carried out. As shown in figure 3.7, KIFC1 knockdown
reduced cell proliferation in all three cell lines after five days. Mel270 showed a much greater
reduction in proliferation upon KIFC1 knockdown compared to Omm2.3 and Omm?2.5, which
showed modest decreases in proliferation. Nevertheless, the observation that KIFC1
depletion reduces proliferation has been reported in other cancer cell lines. For example,
similar proliferation assays have shown that KIFC1 depletion caused an approximately 80%
decrease in proliferation in breast cancer cells (Li et al., 2015), while also reducing viability in
gastric cancer spheres (Oue et al., 2016) (Zhang et al., 2016a), lung cancer cells (Liu et al.,
2016), prostate cancer spheres (Sekino et al., 2017) and a variety of other cancer types (Imai

et al.,, 2017), (Li et al., 2018), (Patel et al., 2018), (Fu et al., 2018), (Han et al., 2019).

The results observed in this experiment were unexpected, as Mel270 had the lowest
centrosome amplification and incidence of multipolar mitosis but had the highest reduction
in proliferation. As previously discussed, the negative effect of KIFC1 depletion on
proliferation does not seem to correlate with the extent of centrosome amplification and
multipolar mitosis. This further lends credence to the theory that KIFC1 has pro-mitogenic

effects in uveal melanoma cells, most strikingly in Mel270.

The MTT assay was run in 96 well plates to assess the fold-change in the number of cells
present after one, three and five days after KIFC1 knockdown, compared to negative control
and mock-treated cells, the latter of which was arbitrarily set as 100% proliferation. The assay
works by assessing cell metabolic activity, which acts as a proxy to reflect the number of cells
present. The assay involves incubating cells with MTT, a tetrazolium dye, which is reduced to

insoluble formazan crystals inside, and sometimes outside the cell. This means that different
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cell types cannot be directly compared due to differing metabolic activities. This effect was
visually obvious at the endpoint of the MTT assay, as Mel270 cells would show relatively little
purple coloration at the end of the assay, whereas the Omm cells showed strong purple
coloration. Simple visual analysis by light microscopy also showed the presence of much larger
crystals in the Omm cells. Nevertheless, this was not an issue in this study as relative changes
within cell type were assessed and then compared between cell lines, rather than raw
absorbance readings. The MTT-reducing function is often credited to NADH-dependent
oxidoreductase enzymes in the mitochondria, but it is also actually reduced in
endosome/lysosome compartment. The fact that MTT is endocytosed, reduced and then
exocytosed to the cell surface, where it forms crystals, still makes this assay valid as it
measures endocytosis, a fundamental feature of living cells (Liu et al., 1997). Nevertheless,
care must be taken to avoid using reducing agents or compounds that inhibit endocytosis and
uncouple the electron transport chain. In this case, siRNAs were used rather than small
molecule inhibitors, which means off target effects on these functions were relatively

unlikely.

Nevertheless, this experiment could have been improved. One procedural limitation could be
that to solubilise the formazan crystals and kill the cells at the end of the assay, slightly
acidified isopropanol was added to the wells and mixed well. This also converts the pH-
sensitive phenol red to yellow, avoiding interference at 590 nm, but the process requires
rigorous mixing to fully solubilise the formazan and may require microscopy to verify that the
crystals are fully dissolved. During this process, evaporation of the isopropanol and
subsequent concentration of the formazan may skew results. An alternative could be to use
MTS, another tetrazolium salt which does not require solubilisation and so can be directly
analysed after incubation. Furthermore, because the MTT assay measures metabolic activity,
the assay would be most useful when cells are at their most active in the growth phase and
not at low confluence or very high confluence and thus approaching senescence. Although
the initial cell number in this experiment was optimised by running the experiment multiple
times loading 400, 1000, 2500, 5000, 7500 and 10,000 cells, if | were to repeat this
experiment, | would begin by performing a growth curve assay to identify a suitable initial
concentration of cells which would reach log phase by five days. Furthermore, the variation

between the results for Mel270 mock and Mel270 negative control cells, which in theory

101



would be expected to be quite small, may have been attenuated by carrying out independent
repeats of the assay. Repeats were attempted, but the experiments failed and were not

attempted again due to time constraints.

KIFC1 Depletion Reduces Clonogenicity

Considering the results of the MTT assay, a clonogenic assay was employed to verify whether
such effects would translate long term and affect clonogenicity. The clonogenic assay tested
whether every plated cell retained the capacity to undergo indefinite mitosis to produce
colonies over 21 days after KIFC1 knockdown. As shown in figure 3.8, Mel270 cells were most
negatively affected by treatment with KIFC1 4 siRNA and KIFC1 5 siRNA with 88% and 93%
reductions in clonogenicity, which were significantly different to negative control cells at
p<0.0001. This means that without KIFC1, only 12% and 7% of cells retained the ability to
undergo indefinite mitosis compared to cells treated with negative control siRNA. It has been
reported that KIFC1 affects clonogenicity in many cancer types, for example, KIFC1
overexpression in HCC cell lines increased the number of clones produced compared to mock
cell lines, whereas KIFC1 knockdown reduced the number of clones produced (Han et al.,
2019). However, the fall in clonogenicity of Omm2.3 and Omm2.5 upon KIFC1 depletion was
nowhere near as drastic compared to the negative control siRNA treated cells. The lack of
significant difference between the negative controls and the KIFC1 siRNA treated cells meant

that the clonogenicity of these cells may not be sensitive to KIFC1 knockdown.

One weakness of the methodology of this experiment is that KIFC1 siRNA was only applied on
day 0 of the experiment. The fact that Omm2.3 and Omm2.5 cells have a higher metabolism
that Mel270 cells, as evidenced by the MTT assays, may mean that upon subsequent divisions,
the KIFC1 siRNA molecules were diluted to an ineffective concentration sooner than in
Mel270, and so had more time to recover their populations. If this experiment were to be

repeated, it could be done so that KIFC1 siRNA is reapplied regularly throughout the 21 days.

When considering the results of the MTT assays, the clonogenic assays and the changes in
mitotic index, the fact that the changes in cell proliferation upon KIFC1 knockdown in Mel270
compared to Omm2.3 and Omm2.5 do not correlate with the extent of centrosome

amplification and multipolar mitosis indicates that KIFC1 seems to have an important role in
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proliferation in uveal melanoma cells. This effect is much more pronounced in Mel270 cells,
which were derived from a primary uveal melanoma tumour, whereas Omm2.3 and Omm2.5
were derived from independent liver metastases originating from the Mel270 tumour (Jager
et al., 2016). This likely means that the metastatic cells carry more adaptations to pursue a
more aggressive proliferation, shown by the mitotic indexes in mock conditions (Figure 3.6).
This could be due to mutations in alternative proliferation pathways making KIFC1-mediated

proliferation redundant to an extent.

Recent evidence shows that KIFC1 has a role in cell proliferation. In silico studies predicted
that KIFC1 interacts with a variety of proteins involved in progressing the cell cycle,
assembling the spindle or regulating the spindle assembly checkpoint in ovarian cancer cells
(Pawar et al., 2014) (Mittal et al., 2016). Furthermore, KIFC1 overexpression reduced doubling
times in breast cancer cells (Pannu et al., 2015b), while RCC cells treated with KIFC1 produced
smaller tumours when transplanted in mice compared to control RCC cells (Li et al., 2018).
Proof that KIFC1 had centrosome clustering-independent roles in the proliferation of cancer
cells was first published in 2015 (Pannu et al., 2015b), but since then, a concrete mechanism
has not been proposed. Nevertheless, observations of potential networks of protein

interactions have been reported.

One example of such a network of interactions is that overexpression of KIFC1 induced
expression of PI3K and AKT (Li et al., 2018), while knockdown of KIFC1 reduces expression of
phosphorylated AKT and PI3K (Fu et al., 2018). Furthermore, KIFC1 increased the expression
of HIF1a, Aurora B kinase, although their expression was not reduced upon KIFC1 knockdown
(Pannu et al., 2015b). The fact that KIFC1 knockdown did not decrease expression of these
proteins implies that KIFC1 is not normally a regulator of such proliferative pathways, which
is supported by the fact that KIFC1 is dispensable for viability in normal cells (Godinho et al.,
2009). This led Pannu et al. to hypothesise that KIFC1 is part of an oncogenic axis with HIF1a
and Aurora B kinase which thrusts cells into “overdrive” by employing an alternative function.
Interestingly, this was observed in Hela cells with only 3% centrosome amplification, which

confirms that such functions are centrosome clustering-independent (Pannu et al., 2015b).
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Furthermore, KIFC1 overexpression upregulated survivin signalling but its knockdown did not
decrease survivin signalling. KIFC1 also coprecipitated with survivin, proving an interaction
between the two. Furthermore, immunoblotting revealed that KIFC1 overexpression reduced
polyubiquitination signals at the survivin band, despite the increased survivin expression,
strongly indicating that high levels of KIFC1 bind to and protect survivin from ubiquitination-
dependent degradation (Pannu et al., 2015b). This is important as survivin is widely expressed
in cancers and has a dual role as both an Inhibitor of Apoptosis (IAP). First, it binds and
inactivates “executioner” caspases (Tamm et al., 1998). It also takes part in the cell cycle as
one of the four proteins in the Chromosomal Passenger Complex (CPC), one of the most
important master regulators of mitosis (Carmena et al., 2012). Incidentally, survivin increases
the expression and activity of Aurora B Kinase (Chen et al., 2003), which is also part of the CPC
(Carmena et al., 2012), while HIF1a. upregulates expression of Survivin (Wu et al., 2010). The
fact that KIFC1 overexpression increases the expression of Aurora B Kinase, HIFlo and
Survivin, and even shares common E2F upstream transcription factors (Jiang et al., 2004)

raises the possibility that KIFC1 may be involved in upregulation of the CPC.

KIFC1 Depletion Increases Apoptosis in Mel270 Cells

To understand how KIFC1 knockdown mediated the reduction in proliferation in uveal
melanoma cells, the rate of apoptosis was observed. This was done by immunostaining for
the expression of cleaved capsase-3 for observation by immunofluorescence. As shown in
figure 3.10, KIFC1 knockdown increased the percentage of cells expressing cleaved caspase-3
in all three cell lines. This means that KIFC1 knockdown increased apoptosis in all three cell
lines as caspase-3 is an executioner caspase zymogen, whose cleavage and subsequent
activation in cells induces apoptosis (Mcllwain et al., 2013). Omm2.3 and Omm2.5 showed
more than two-fold increases in the rate of apoptosis, while Mel270 showed 50% and 70%
increases in the rate of apoptosis upon treatment with KIFC1 4 and KIFC1 5 siRNA when
compared to mock cells. However, even though Mel270 had the smallest percentage
increase, the fact that Mel270 had a more than 10-fold basal apoptotic rate compared to
Omm2.3 and Omm2.5 meant that its relatively small increase in apoptosis upon KIFC1
knockdown brought the frequency up to above 10% of all cells. On the other hand, in Omm?2.3

and Omm?2.5, the frequency of apoptosis only rose to around 2% of all cells. This means that
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Mel270 is far more likely to show an effect in cell growth upon KIFC1 knockdown.
Furthermore, questions do remain regarding how much of an effect 12% apoptosis would

have on a real tumour in vivo upon KIFC1 inhibition.

It is also important to note that the increases in apoptosis upon KIFC1 knockdown were not
replicated in the sub G1 population of cells upon flow cytometry, which is one of the reasons

why this experiment should be repeated.

One aspect of this experiment that could have been improved was that the preparation of
immunofluorescent samples included growing cells on coverslips and then washing the
coverslips before fixing the cells. Even though this was done as carefully as possible to avoid
washing cells away, apoptotic cells are known to shrivel up and become loose or even detach
from the growing surface. This meant that the numbers recorded were possible
underestimates. Nevertheless, the consistent processing and counting technique likely meant
that such an underestimate was carried over to all the conditions and cell lines, and so

comparisons between conditions were unlikely to change.

It has been shown that cancer cells with KIFC1 depletion expressed more caspase-3 after UV-
Cirradiation compared to control cells and cancer cells with KIFC1 overexpression (Pannu et
al., 2015b). Furthermore, KIFC1 knockdown was shown decrease Bcl-2 expression and
increase proapoptotic Bax, p53 (Fu et al., 2018) and c-PARP expression (Sekino et al., 2019).
The enhanced survival effects of KIFC1 are likely to be mediated by survivin, which was found
to co-precipitate with KIFC1, implying an interaction between the two. Furthermore, KIFC1
overexpression reduced the poly-ubiquitination signals associated with survivin, implying that
KIFC1 protected survivin from APC-C-mediated degradation (Pannu et al., 2015b), allowing
cancer cells to better resist apoptosis signalling. However, it is worth noting that the nature
of the polyubiquitin signals were not characterised, and so it cannot be said with certainty

that the reduced polyubiquitin signal was the cause of reduced survivin degradation.

It is known that Omm2.3 and Omm2.5 overexpress survivin compared to Mel270 (Li et al.,
2006), which may explain the increased overall levels of apoptosis in Mel270. However, it has
also been reported that KIFC1 knockdown does not decrease levels of survivin in Hela cells
(Pannu et al., 2015b), which does not explain the increases in apoptosis upon KIFC1

knockdown in uveal melanoma cell lines. To explore whether KIFC1 knockdown decreased
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survivin expression in uveal melanoma cell lines, lysates of Mel270, Omm2.3 and Omm2.5
with and without KIFC1 knockdown were immunoblotted for survivin, albeit unsuccessfully,
while low antibody stocks and time constraints prevented optimisation of the staining

process.

KIFC1 Depletion Does Not Affect Cell Cycle Distribution

Although KIFC1 depletion had been shown to decrease proliferation and clonogenicity,
analysis of DNA content to determine cell cycle distribution in Mel270, Omm2.3 and Omm?2.5
showed no changes upon KIFC1 depletion (Figure 3.9). Although unexpected, this has been
reported before in HCC cells where KIFC1 depletion reduced proliferation and increased
apoptosis but did not change cell cycle distribution (Fu et al., 2018). This may imply that KIFC1
has cell cycle-independent effects in uveal melanoma cell lines which still affect proliferation
and clonogenicity. Furthermore, the lack of significant change in the sub-G1 region, which
implies little change in apoptotic cells, may be due to gating out of cell debris produced
apoptosis when setting parameters for data collection. Thus, repeats would need to be

conducted before conclusions are to be drawn from this experiment.
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3.2.3. Conclusion

Taken together, it seems that KIFC1 has many roles beyond the original theory of providing
protection against multipolar mitosis-induced apoptosis or arrest for cancer cells with
amplified centrosomes, while providing no significant benefit to those without. Instead,
recent research initially alluded to by Kleylein-Sohn et al. in 2012, expanded upon by Pannu
et al. in 2015 and now further evidenced by the work in this thesis shows that KIFC1 depletion
inhibits cell proliferation and induces apoptosis in a manner largely independent of
centrosome amplification status. There is now a good base of evidence that KIFC1 depletion
does have cancer-specific effects on cell growth. This suggests that KIFC1 may take part in
oncogenic signalling networks yet to be uncovered and is a more suitable cancer-specific
therapeutic target than originally thought, as it may be effective regardless of centrosome
amplification status. However, repeats of many experiments are still required for the
conclusions to be accepted and questions still remain regarding whether the effects observed

in uveal melanoma cells are strong enough to produce acceptable clinical responses.
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4. Towards a KIFC1
PROTAC: Synthesis
and In-Vitro Testing of

CWO069 Analogues



4.1. Results I



4.1.1. CWO069 Synthesis

The results presented in section 3.1.1. showed that KIFC1 is a viable therapeutic target in
treating uveal melanoma, especially in the primary tumour. These results also show that
KIFC1, previously thought to be dispensible in cells with little or no centrosome amplification,
can actually be essential in cells with centrosome amplification, thus broadening the range of

tumours in which it could be targetted.

KIFC1 inhibitors do exist, but they tend to be effective only at higher doses and are thought
to suffer from poor specificity. Two such inhibitors, CW069 and AZ82, induce cell death in
Mel270, Omm2.3 and Omm2.5 (Andrew Fielding, unpublished results). To combat the low
specificity and high dosages required, the inhibitor could be used as part of a proteolysis-

targeting chimaera, known as a PROTAC.
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Figure 4.1. A Crude Representation of PROTAC Action. A) PROTACs are bifunctional and so incorporate
recruiters for both the target protein and an E3 ubiquitin ligase. B) By binding both the target protein and the
E3 ubiquitin ligase to form a ternary complex, the PROTAC brings the two proteins in to proximity with each
other. Novel intermolecular protein interactions between the two proteins can further stabilise the complex. C)
An E2 ubiquitin-conjugating enzyme binds to the E3 ubiquitin ligase and delivers activated ubiquitin molecules.

D) The target protein is now polyubiquitinated and ready for degradation by the 26S proteasome.

PROTACs are bifunctional molecules that link together a ubiquitin E3 ligase recruiter and a
target inhibitor (Schneekloth et al., 2008). These molecules form a ternary complex between
the E3 ligase and the target, causing the ubiquitination and degradation of the latter (Figure
4.1). To accomplish this a flexible linker must be substituted on to the inhibitor in an

appropriate location so as to not disrupt binding to the target.

In this study, CW069 was chosen as the inhibitor of choice to build a PROTAC around. Initially,
CWO069 would be synthesised and then a series of different analogues of CW069 would be
synthesised to explore options for PROTAC design. These analogues would contain different
functional groups and tested in a structure-activity relationship assay using KIFC1 motor
protein to test which alterations to CW069 could be used to build a PROTAC from while still

allowing effective binding to KIFC1.

CW069 §—H §—H

Figure 4.2. Initial Plan for CW069 Analogues. A schematic to show the various analogues of CW069 proposed

to ascertain which functional groups were dispensible while still maintaining KIFC1 binding capabilities.
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The synthesis of CW069 had already been published (Watts et al., 2013) and so the same

reaction scheme was employed (Figure 4.3).

o NH
Y T3P, DIPEA, DCM
>‘/O 0°C, 2hirt, 16h

b TFA, DCM
rt, 1h

CO2H
c @]

-
i)THF
ii) TEA
iii) Benzaldehyde
rt, 15min/rt, 2h/0°C, rt, 16h

Figure 4.3. Initial Synthetic Pathway for CW069. A three-step process for the production of KIFC1 inhibitor
CWO069 described by Watts et al., 2013 starting with the reaction a, an amide coupling of 2-Amino-5-iodobenzoic
acid and N-Boc-phenylalanine, followed by b, a Boc deprotection reaction using TFA and concluded with a
reductive amination using benzaldehyde.

Reaction a, an amide coupling reaction, was published to have been completed with a 1:1:2
ratio between reactants and DIPEA, the base, and a slight excess of T3P, the coupling agent,
relative to N-Boc-phenylalanine. However, after two attempts, NMR data showed that the
reaction had not worked. To optimise conditions for the reaction, ratios were increased to
1:2:6:2.5 between 2-Amino-5-iodobenzoic acid, N-Boc-phenylalanine, DIPEA and T3P, to no

avail.

Thin layer chromatography indicated that N-Boc-phenylalanine may have coupled to T3P, but
not reacted any further with 2-Amino-5-iodobenzoic acid, so HATU was used as an alternative
coupling agent, but again, NMR data showed that the reaction did not proceed to the desired

product.
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One possible reason for the lack of reactivity may be insufficient electronegativity of the
nitrogen atom in amine group (-NH;) of 2-Amino-5-iodobenzoic acid, leading it to lack the
sufficient nucleophilicity to react with the activated N-Boc-phenylalanine-derived
intermediate. To force the reaction to completion, 2-Amino-5-iodobenzoic acid was switched
out to its ethylester, Ethyl-2-Amino-5-iodobenzoate. The logic for this decision was that the
ester group is less electron withdrawing than a carboxylic acid group, leaving the amine group
more nucleophilic and thus more likely to react with the activated N-Boc-phenylalanine-

derived intermediate.

This reaction was carried out using both HATU and T3P separately as coupling agents, but
NMR data showed that this reaction had also failed. Again, thin layer chromatography
indicated that the N-Boc-phenylalanine had coupled with the coupling agent in each case, but

had not reacted any further.

At this stage, the decision was made to shift away from this reaction scheme. Another
synthetic pathway for CW069 had been published (Watts et al., 2013), labelled by the authors
as the “optimised pathway”, which was adopted. However, even though this reaction scheme
was reported to have produced higher yields, it contained more steps and the specific
reaction conditions and purifications were not reported, so these required optimisations at

each step.
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Figure 4.4. Alternative Synthetic Pathway for CW069. A five-step process for the production of KIFC1 inhibitor
CWO069 described by Watts et al. (2013), starting with the reaction a, a Boc protection of phenylalaninamide with
di-tert butyl dicarbonate to produce compound 1, followed by b, a Buchwald-Hartwig coupling reaction with
methyl-2-chloro-5-iodobenzoate to produce compound 2. Reaction ¢, a Boc deprotection using TFA was carried
out to produce compound 3 and then followed by reaction d, a reductive amination with benzaldehyde and then
reaction e, an ester hydrolysis with LiOH and H:O.

Reaction a, shown in figure 4.4, produced a 91% yield, while reaction b, a Buchwald-Hartwig
coupling reaction, produced only a 2% yield along with an unexpected yellow gum at the
bottom of the flask. This reaction required a palladium catayst and Cs,COs base, both of which

are highly sensitive to oxygen and atmospheric levels of water. Even though the reaction was
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carried out in oven-dried glassware in a nitrogen atmosphere, it was suspected that the
solvent, dioxane, may have contained tiny amounts of water which oxidised the catalyst and
base. Reapeating the reaction with anhydrous dioxane gave a 24% yield, which still fell short
of the published yield of 90%. In the work done by Watts et al., the catalyst and ligand were
required at molar equivalence with the reactants to give their observed yield (Watts et al.,
2013). As such a ratio would suggest that the reaction was not actually catalyticin their hands,
we concluded that greater amounts of catalyst and ligand may be required. An increased
concentration of palladium catalyst and its Xantphos ligand from 2% each to 10% molar
concentration gave a 100% vyield. Subsequent scale-ups of the reaction with higher amounts
of reactants and 10% and 20% catalyst/ligand concentrations gave 31% and 16% yields
respectively due to loss of compound 2 during purification. It was found that significantly less
compound would be lost if loaded into the silica column dissolved in DCM before purification
with 10 % ethyl acetate in hexane. Nevertheless, enough of the compound had been
produced to proceed to reaction ¢, a Boc-deprotection reaction that consistently produced

100% yields.

Reaction d, a reductive amination reaction with benzaldehyde was carried out and thin layer
chromatography and NMR data indicated that the reaction had failed. It was expected that
the amine group would react with the benzaldehyde by nucleophilic attack, but this had not
occurred. An alternative method would be to activate the benzaldehyde by addition of acetic
acid, which would allow the amine to undertake a nucleophilic attack. Again, this reaction did

not work.

Up until this point, the direct product of reaction ¢ was being used. Being cleaved by TFA left
the amine as a TFA salt, which merited the addition of triethylamine, a base, at the beginning
of the reaction to basify compound 3 to a free amine. It was thought that basifying the amine
before the reaction to leave a free amine group would eliminate the need for a base in the
reaction and so would allow the acidic conditions to activate the benzaldehyde. Nevertheless,
the reaction also failed. The same reaction was then tried with formic acid, a stronger acid,

but still did not work.

Another possibility was that the benzaldehyde and amine were reacting as expected to form
an imine, but the imine was not being reduced to fully complete the reaction. Imines are
extremely unstable and so would deompose to their original reactants before analysis with
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thin layer chromatography. Therefore, the reducing agent NaCNBHs; was switched out to
NaBH4, a stronger reducing agent, to increase the likelihood of a successful final reduction.
Nevertheless, the reaction failed. At this stage, time constraints dictated that work on

analogues was to begin, especially as the aim was to generate CW069 analogues rather than

CWO069 itself.

116



4.1.2. CW069 Analogue Synthesis

In silico predictions of how CW069 bound to KIFC1 stated that KIFC1 interacted with the amino
group, carboxylate group and exposed benzyl group of CW069 (Watts et al., 2013). Analogues
were therefore made to alter or eliminate these groups (Figure 4.5). Furthermore, the
suitability of building viable PROTACS directly onto the amine group was tested by producing
compound 4, which has a PROTAC linker region bound directly to the amine of the CW069

precursor.
| CO2Me
Ts
N >
H £
NH2
KOAc, Acetic acid TEA, DCM
o c rt, 3h
| COsMe 24h, 120°C b |Acetic anhydride,
o TEA, DCM,
rt, 24h | CO2Me
N : (@)
R
o o N =
| COzMe 0. NH

F T3

N

4 OYNH
CHs 6
5

Figure 4.5. Initial Synthetic Pathway for CW069. A scheme showing the three analogues of the CW069 precursor.
Reaction a was a phthalimide protection synthesis to produce compound 4, a phthalimide from an amine and
phthalate. Reaction b was a nucleophilic addition-elimination reaction with acetic anhydride to form compound
5, an acetamide, while reaction ¢ was also a nucleophilic addition-elimination reaction to form compound 5, a
benzamide.

Reaction a, a phthalimide protection worked well, producing a phthalimide with a 30% vyield.

Furthermore, reaction b, an Eschweiler-Clarke reductive methylation also worked, giving a

yield of 50%, while reaction c, a nucleophilic addition-elimination reaction gave a yield of 67%.
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4.1.3. Structure-Activity Relationship Kinesin Assay

For the CW069 analogues to be suitable for building a PROTAC around, they would need to
be able to bind to KIFC1 and inhibit its ATPase activity. To test this, the KIFC1 motor domain
(Hise-KIFC1305—-673; provided by Morgan Gadd) was to be tested in a biochemical assay with

the analogues and microtubulues to test the amount of ATP hydrolysed, using the HTS kinesin

ATPase Endpoint Assay Biochem Kit (Cytoskeleton).

Before testing the analogues, the KIFC1 motor domain was to be verified as functional by the
production of inorganic phosphate. Between 0.16 pg and 0.8 pg of KIFC1 motor protein was
tested, along with KIFC1 incubated without mictrotubules, acting as negative controls.

Similarly, a control kinesin motor protein was loaded with and without microtubules.
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Figure 4.6. KIFC1 ATPase Test Assay 1. A graph showing the absorbance at 650 nm after a kinesin ATPase assay.
Differing amounts of KIFC1 were loaded with ATP into wells and incubated with (KIFC1 Experimental) or without
(KIFC1 Negative Control) preformed microtubules. The activity of the KIFC1 assay was compared to 0.2 ug of
Control Kinesin incubated with ATP with (Positive Control) or without (Negative Control). Error bars plotted as

one standard deviation.
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The data presented in figure 4.6 shows that the KIFC1 motor protein either did not work or
had undetectable activity, as it showed no more absorbance than the control kinesin negative
control and KIFC1 negative controls, implying no more ATP hydrolysis. One possibility was
that not all of the protein in the sample was KIFC1, or that only part of the KIFC1 in the sample

was active. Thus, the protein was concentrated centricon.

The assay was rerun, but with wells loaded with between 0.9 pg and 4.5 pg of KIFC1.
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Figure 4.7. KIFC1 ATPase Test Assay 2. A graph showing the absorbance at 650 nm after a kinesin ATPase assay.
Differing amounts of KIFC1 was loaded with ATP into wells and incubated with (KIFC1 Experimental) or without
(KIFC1 Negative Control) preformed microtubules. The activity of the KIFC1 assay was compared to 0.2 ug of
Control Kinesin incubated with ATP with (Positive Control) or without (Negative Control). Error bars plotted as 1

standard deviation.

As seen in figure 4.7, higher concentrations of KIFC1 hydrolysed no more ATP than the
negative controls. It was surmised that KIFC1 may possibly work at a different pH than the pH
6.7 solutions used in the kit. Therefore, seven different buffers ranging between pH 6.5 to pH
7.1 were made up to test whether the activity of KIFC1 would change at different pH
conditions. Furthermore, the lack of KIFC1 activity might have been due to the fact that the

concentrated KIFC1 solution was estimated to contain approximately 150 mM of salt, as
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opposed to the 20 mM in the buffer provided by the kit manufacturer. Therefore, KIFC1 was

dialysed using dialysis tubing in an identical buffer, but with a 10 mM concentration of salt.

Unfortunately, complete sample loss during dialysis prevented these parameters from being
explored further, and time constraints precluded the possibility of attempting the assays

following expression and purification of a new batch of KIFC1 protein.
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4.2. Discussion |l



CWO069 was chosen as the KIFC1 inhibitor to build a PROTAC around. This was because, at
least in theory, it had the shortest synthetic pathway with simpler and safer chemical
reactions of all the KIFC1 inhibitors. Furthermore, the relative inefficiencies of CW069 in the
form of high dosage requirement (Watts et al., 2013) and suspected off target effects (Yukawa

et al., 2018) meant that it would benefit the most from being assembled into a PROTAC.

PROTACs consist of a target binder linked to an E3 ubiquitin ligase recruiter via a linker
molecule. In this case, the target would be KIFC1 and the target binder would be CW069.
However, the linker would attach to (and thus alter) a functional group on CW069. Therefore,
the purpose of producing CW069 analogues was to alter various functional groups to
understand which groups were crucial to the binding of KIFC1. The effect of these changes
would be assessed by a Structure-Activity Relationship (SAR) assay, and the functional groups

to which changes were best tolerated would then be selected to attach a linker to.

In silico predictions of how CW069 bound to KIFC1 indicated that the carboxylate group of
CWO069 interacted with the guanidinium group of Arg521 of KIFC1, while the exposed phenyl
group of CWO069 interacts with the alkyl side chain of Arg521. Furthermore, the amine and
carboxylic acid groups of CW069 were thought to interact with the respective backbone
amide and carbonyl groups of Gly423 and Leu517. In particular, the interactions with Arg521
were predicted to be critical for the reported selectivity of CW069 to KIFC1 (Watts et al.,
2013).

The implied lack of interactions between KIFC1 and the exposed benzylamine group of CW069
meant that this group may be dispensable in binding KIFC1, and so could be used to attach a
linker. To determine whether this is the case, compound 5 was produced where the benzyl
group was replaced with an acetamide group (Figure 4.8). This way it could be tested to see

if the aromatic ring was dispensable.
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Figure 4.8. CW069 and CW069 Analogues. A diagram to compare the differences in structures between CW069
and analogues synthesised. Compound 4 was formed so that the fluoride group would be amenable to
nucleophilic aromatic substitution. Compound 5 was formed to test whether the benzyl ring was required for
KIFC1 binding, while compound 6 was formed to see whether the molecule could tolerate a benzamide
substitution in the place of benzylamine, and still bind KIFC1. All three analogues also had a methyl ester instead
of the carboxylic of CW069, which, if required, could easily be removed to see if the carboxylic acid group was
important for KIFC1 binding.

As explained in the results section, CW069 was not synthesised, rather analogues were made
from a common upstream molecule. These molecules were produced to mimic CW069, but

with important alterations that would make the attachment of linker vastly easier.

For example, compound 6 is very similar to CW069, the only difference being that CW069 has
a benzyl group attached to the amine to form a benzylamine, whereas compound 6 has a
benzoyl group attached to the amine, forming a benzamide. This is important because amide

coupling reactions are commonly used to attach linkers to ligands (Figure 4.9).

Similarly, analogue a was produced to eliminate the amine group and produce a phthalimide.
This molecule preserves all aspects of CW069, but as a phthalimide it engineers even greater
conformational rigidity via the imide attachments to the phenyl ring. If this molecule was

found to be suitable, it would relatively easy to attach a linker using nucleophilic aromatic
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substitution via the fluorine group, without the possibility for undesired side reactions (Figure

4.9).
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Figure 4.9. Proposed Structure of PROTACs Derived from CW069 Analogues. A diagram to show how the three
analogues would look as PROTAC molecules, assuming they had been found to suitably bind to KIFC1. Between
the KIFC1 binder (analogue) and the E3 ubiquitin ligase binder would be a linker, which could be as simple as a
hydrocarbon chain. Similarly, any variety of E3 ubiquitin ligase binder could be used.

The region where a carboxylic acid group was situated in CW069 was left as a methyl ester
group in the analogues. This was left as a protecting group to stop unwanted side reactions
in the formation of the analogues. To cleave the ester to a carboxylic acid would simply
require refluxing with an acid (Watts et al., 2013) to hydrolyse the molecule into CW069 and
methanol. Comparisons between carboxylic acids and esters would also prove whether the

carboxylic acid was definitively required for binding to KIFC1.

To test the activity of the CW069 analogues on KIFC1, an ATPase activity assay was
undertaken. The assay would measure the amount of ATP hydrolysed by a KIFC1 motor
domain (Hise-KIFC1305—673; provided by Morgan Gadd). However, before testing the
analogues, verification of the ATPase activity of the KIFC1 motor domain revealed that it did
not work. Concentrations of KIFC1 comparable to the control kinesin did not hydrolyse any
more ATP than the KIFC1 negative controls (Figure 4.6). Furthermore, higher concentrations

of KIFC1 showed the same lack of activity (Figure 4.7).

This lack of activity could be due to various reasons but due to time constraints, we could not

produce more KIFC1 so investigations into why the assay did not work were not carried out.
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It is unlikely that the protein construct itself was non-functional, as the same KIFC1 motor
domain has been published to have yielded ATPase activity (Wu et al., 2013). However, one
possible reason could have been that the protein was improperly folded or had become
unfolded, and that its intricate tertiary structure was lost. To determine if this were the case,

this could have been deduced by a 1D proton NMR or circular dichroism (CD).

In a proton NMR, each peak would correspond to a particular proton, and each protein would
have multiple protons with many peaks overlapping, which would make interpreting a 1D
NMR of an average sized protein a difficult task. However, a basic principle is that a well-
folded protein would show sharp and narrow peaks over a large range of chemical shifts (Page
et al., 2005). Conversely, an unfolded or poorly folded protein would show broad peaks with
little chemical shift range. This is because the protons in a folded protein are likely to be
contained in distinct conformations as a result of their intramolecular interactions, leaving
the same protons in the same positions across multiple molecules, producing sharp peaks
across a large range of chemical peaks. On the other hand, protons in unfolded proteins adopt
their conformations at random, and as chemical shift is an average of a proton’s environment,
the average of multiple different positions produces broad peaks over a narrow range (Page

et al., 2005).

An alternative method is CD spectroscopy, an approach based on the principle that a beam
of light consists of electric and magnetic fields oscillating perpendicular to each other
(Greenfield, 2006). When polarised, the electric field can be made to oscillate sinusoidally in
a single plane which, when viewed from the front, can be visualised as the result of two equal
vectors oscllating 90 degrees out of phase, rotating either clockwise or anticlockwise. These
waves are absorbed by asymmetric molecules to different degrees, and also have different
refractive indeces. Circular dichroism is therefore the unequal absorption of circularly
polarised light, spectroscopy of which measures the differences in absorption between
clockwise and anticlockwise rotating light. Based on amide chromophores in peptide
backbones of proteins, different characteristic circular dichroism spectra are produced by
diferent structural elements in proteins, allowing unfolded and disordered proteins with no
structural characteristics to be identified, as opposed to globular proteins with significant

components of alpha or beta structure (Greenfield, 2006).
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Another reason that KIFC1 may have been non-functional is that it may have aggregated.
Similar to misfolding, aggregation can disturb protein tertiary structure and may disrupt
protein function. Protein aggregates normally form by self-association of a few proteins which
serve as nucleation foci for growth and formation of larger aggregates. Generally, aggregation
can occur during recombinant protein expression due to a variety of reasons, ranging from
too high an expression rate and incompatible strain of recombinant bacteria to unfavourable
temperature and pH during purification (Reviewed by Lebendiker and Danieli, 2014). To
assess whether proteins were aggregated, they could by separated by size using size-
exclusion chromatography (SEC) and then the mass of eluting proteins would be measured
using multi angle light scattering (MALS). SEC-MALS works by first running a protein solution
through a column of porous beads, allowing larger complexes and molecules to elute first. As
the protein molecules elute from the column, a monochromatic light beam would be used to
illuminate the protein suspension (Hong et al., 2012). The intensity of the scattered light is
proportional to to both overall mass and the mass of individual particles (either complexes or
monomers), meaning that aggregated proteins would produce more intense signals even with

the same total number of protein monomers in a solution (Hong et al., 2012).

Alternatively, the assay may have failed due to suboptimal conditions for KIFC1 ATPase
function. A similar assay using the same KIFC1 construct was used successfully in the discovery
of AZ82 (Wu et al,, 2013). In this assay, KIFC1 was run in a similar buffer of similar
concentration to the assay carried out in our study. However, the pH of the buffer used in the
production of AZ82 was pH 7.0, whereas the pH used in our study was pH 6.7. It may be that
KIFC1 works in a very small pH range, and experiments at a range of pHs were planned to be

carried out prior to the loss of KIFC1 protein.
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5. Conclusion



The work presented in this thesis shows for the first time that metastatic uveal melanoma
cells lines display rampant centrosome amplification. This is important as amplified
centrosomes present a novel cancer-specific therapeutic target in liver metastatic uveal
melanoma. The fact that uveal melanoma metastasis to the liver has such poor survival rates
in part due to no effective therapeutic options means that investigations into the role of

amplified centrosomes in metastatic uveal melanoma warrant further pursuit.

Furthermore, this work has also shown that KIFC1 depletion reduces proliferation in primary
and metastatic uveal melanoma cell lines, while increasing the frequency multipolar mitosis.
This has important implications. Firstly, the negative effects of KIFC1 depletion in Mel270
cells, despite the lack of significant centrosome amplification, further lends credence to the
theory that KIFC1 has centrosome clustering-independent roles in cancer growth.
Additionally, speculation by Pannu et al. (2015b) that KIFC1 may gain function as part of an
“oncogenic axis” in a cancerous environment may also be the case in uveal melanoma.
However, the relatively modest increases in apoptosis in uveal melanoma cells upon KIFC1
depletion may leave much to be desired in a clinical setting, while the resistance of metastatic
uveal melanoma cells to KIFC1 depletion with regards to clonogenicity means that any clinical

targeting of KIFC1 may only be relevant for primary uveal melanoma cells.

The fact that KIFC1 has centrosome amplification-independent effects in primary uveal
melanoma cells means that development of PROTACs targeting KIFC1 may have increased
significance as they could be used to treat a larger range of cancers. Although the admittedly
ambitious project aim of synthesising a functional CW069-derived PROTAC was not fully
achieved due to time constraints and difficulties in this project, the work presented in this
thesis has for the first time outlined the concept of using small-molecule KIFC1 inhibitors to
produce PROTACs which target KIFC1. The analogues developed in this thesis will provide the
starting point for developing future KIFC1-targeting PROTACs using the multitude of linkers

and E3 ubiquitin ligase binders available.
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