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ABSTRACT

The mitotic checkpoint is a failsafe mechanism for the cell to ensure correct chromosome
segregation. The evolutionarily conserved kinetochore RZZ complex is an essential component of
the mitotic checkpoint. Spindly interacts with the RZZ complex in a farnesylation dependent
manner and acts as a dynein adaptor at kinetochores. Spindly knockdown results in
prometaphase delay, alignment defects, and loss of dynein kinetochore localization. The
knockdown of Spindly phenocopies farnesyl transferase inhibitor (FTI) treatment of cells
suggesting that Spindly is the mitotic target of FTls. FTIs were originally developed to target the
RAS oncogene, but have been abandoned as inhibitors of the Ras pathway. Our findings indicate
a possibility in repurposing FTls for cancer treatment, especially in combination treatment

strategies.

We found that upon treatment of Hela cells with Tipifarnib (an FTI) there was loss of
Spindly KT localization. This lack of Spindly KT localization also caused a prometaphase arrest and
prolonged mitotic duration that increased in a dose dependent manner. This is consistent with
other FTls that have been tested. However, neither Spindly nor Farnesyltransferase beta subunit
protein levels corresponded to sensitivity or resistance, and more investigation is required to

determine what acts as a marker for sensitivity or resistance to Tipifarnib.

Adavosertib, a Weel kinase inhibitor results in mitotic catastrophe and our lab found that
it enhanced the activity of other anti-mitotic agents including an FTI. Based on this we wished to
test the combination of Tipifarnib and Adavosertib in a range of cell lines and determine if the

combination is synergistic. Our data indicate that the synthetic lethal relationship between



Tipifarnib and Adavosertib, both of which are being used in clinical trials for breast cancer
individually, is conserved in a subset of breast cancer cells. The combination treatment was
synergistic to varying extents depending on the cell line tested and this was not molecular
subtype specific. The combination treatment of Tipifarnib and Adavosertib represents a potential

new treatment for breast cancers.

Since neither Spindly nor FNTB protein levels served as a marker for Tipifarnib resistance,
we wished to examine the mechanism of resistance, by generating Tipifarnib resistant cells. |
found that while the resistant cells had increased Spindly and FNTB levels, this did not correspond
to Spindly KT localization in the presence of Tipifarnib. These resistant cells will be invaluable
reagents for future examination of Tipifarnib resistance mechanism, and potentially aid in

determining how the resistance occurs.
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CHAPTER 1: INTRODUCTION

1.1 The cell cycle

1.1.1 Cell cycle phases

Cell division is required for all cellular organisms. The cell cycle is the process in which a
cell divides to produce 2 daughter cells. When cell division fails, it can lead to chromosome loss,
cell death, and inaccurate chromosome segregation that results in aneuploidy which can lead to

cancer development.?

The cell cycle has 2 major parts: interphase and M-phase which are characterized by DNA
replication and the segregation of the replicated chromosomes into 2 daughter cells
respectively.? Interphase is made up of 3 individual phases, 2 Gap phases (G1 and G2) which are
separated by synthesis (S). During G1 the cells increase in size and accumulate the necessary
components for DNA replication and cell division. In S phase, the cell duplicates its DNA and in
G2 the cell prepares for mitosis.> M Phase is divided into 2 components, mitosis or the division

of chromosomes and cytokinesis, or the division of cytoplasm (Figure 1.1).



Figure 1.1 Phases of the cell cycle. The phases of the cell cycle are shown, interphase (G1,
S and G2) and mitosis (M).

1.1.1.1 Cdks drive the cell cycle.

The cell cycle is controlled by cyclin dependent kinases or Cdks, a family of Ser/Thr kinases.
Cdks are inactive as a monomer and require binding of cyclins, forming the active heterodimer?.
Cdk levels remain consistent throughout the cell cycle however cyclin levels oscillate with the cell
cycle, increasing in the phase in which they are active and then are degraded upon entry to the
next phase of the cell cycle.* The Cdk-Cyclin complex can be activated or inhibited by different
mechanisms. Cyclin activating kinases (CAKs) phosphorylate the complex, increasing its activity,
while cyclin dependent kinase inhibitors (CKI) bind and inhibit Cdk (Figure 1.2A).3 For full Cdk-
Cyclin activation, Cdk requires phosphorylation by CAK that induces conformational changes
enhancing the binding of cyclins. In the case of the Cdk1-CyclinB complex it is inhibited by
phosphorylation, where Weel or Myt1 kinase phosphorylate Cdk on Thr14 or Tyr15, which must
be de-phosphorylated before the Cdk1-Cyclin B can be activated and the cell proceed into mitosis

(Figure 1.2B).?
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Figure 1.2 Cdk activity requires cyclin partner binding. A) Cdk-Cyclin complexes are
activated by CAKs and inhibited by CKls. When the Cdk-Cyclin complex is active it
phosphorylates its substrates for progression through the cell cycle. B) Cdk1-CyclinB complex
is inhibited by Weel and Myt1l mediated phosphorylation and activated be Cdc25C mediated
de-phosphorylation.

1.1.1.2 Cell cycle checkpoints
Progression through the cell cycle is regulated by cell cycle checkpoints. These are
checkpoints which if activated result in cell cycle arrest until conditions are correct. The G1/S
checkpoint, or the restriction point, is the point in late G1 where past this point the cell has
committed to cell division (Figure 1.3). This checkpoint ensures that the cell is large enough, and

that there is a favorable environment for cell division. If cells have been starved of nutrients or

growth factors, the cell will arrest in G1.°



Following entry to S phase, the next checkpoint is the Intra-S checkpoint, which is activated
upon DNA damage, resulting in the inhibition of origins of replication firing until the damage has
been repaired. This checkpoint is controlled by 2 different kinases, ataxia-telangiectasia-mutated
(ATM) and ataxia telangiectasia and Rad3-related (ATR), which respond to double strand breaks
or single strand breaks, respectively. Upon activation, they phosphorylate downstream effectors,
resulting in inhibition of DNA replication. Upon DNA damage repair, the cell cycle continues.®

The G2/M checkpoint prevents cells from entering mitosis if they have DNA damage from
either G2 or unrepaired damage from the earlier phases of the cell cycle. The main target of this
checkpoint is the Cdk1-Cyclin B complex, whose inhibition prevents entry into mitosis.® This
inhibition is carried out by Weel and Myt1 kinases, which place inhibitory phosphorylation on
Cdk1 at Thr14 and Tyr15.”’

The mitotic checkpoint, or the spindle assembly checkpoint, ensures that all the
chromosomes are properly aligned at the metaphase plate before the cell proceeds into
anaphase and the completion of mitosis. This checkpoint will be discussed in more detail in

section 1.3.



G2/M

Intra-S

Figure 1.3 Cell cycle checkpoints. The cell cycle has 4 checkpoints, G1/S (or Restriction
point), Intra-S, G2/M and Mitotic checkpoint.

1.1.1.2 Stages of Mitosis

Mitosis was first noted by Walther Flemming in 18828 and correct chromosome
segregation during mitosis is critical to maintain genomic stability. Proper mitosis requires the
activity of many different proteins for completion. Mitosis consists of 5 phases: prophase,
prometaphase, metaphase, anaphase, and telophase (Figure 1.4A). These phases have distinct
events occurring, and once these events have concluded the cell will progress to the next.
Following cytokinesis and the generation of 2 daughter cells, the cell can re-enter G1, or enter

GO, the quiescent state.

In prophase, the chromosomes condense, the nuclear envelope breaks down, and this
breakdown marks the transition from prophase to prometaphase (Figure 1.4B). In prometaphase

the attachment of microtubules to the sister chromatids occurs. The attached chromosomes



begin moving, resulting in chromosome congression at the spindle equator, beginning
metaphase. In metaphase, all the chromosomes are aligned at the spindle equator and at the
end of metaphase, the cohesion between the sister chromatids is broken, resulting in the
separation and the beginning of anaphase. Anaphase is composed of anaphase A and B, in
anaphase A, the daughter chromosomes move poleward and in anaphase B the poles separate
from one another. In telophase, the chromosomes decondense and the nuclear envelop reforms,

finally cytokinesis occurs, dividing the cytoplasm, resulting in 2 daughter cells.’

B DAPI Tubulin

Prophase

Prometaphase

Metaphase

Anaphase

Telophase

Figure 1.4 Stages of Mitosis. A) Mitosis is made up of 5 different phases: prophase,
prometaphase, metaphase, anaphase, and telophase. B) Chromosome morphology for each
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stage of mitosis is shown. Hela cells were imaged for the chromosomes (DAPI) and mitotic
spindle (tubulin). Cells in each stage of mitosis were imaged. Single z-stack image is shown,
scale bar = 10um.

1.2 The Kinetochore

The kinetochore (KT) is a trilaminar structure with the most prominent being an electron
opaque outer plate, separate by light staining electron translucent middle plate from the inner
plate that is associated with the surface of the pericentric heterochromatin.'® The kinetochore
requires the coordination of >100 different proteins to assemble this multilayered structure.®
Following kinetochore assembly it must interact with additional proteins to provide the force to
move chromosomes. The motor proteins move in either minus end directed, such as
dynein/dynactin, or plus end directed such as Kinesin-7. These proteins are responsible for
chromosome congression as well as poleward chromosome movement for mitotic progression

(Figure 1.5). 10

Microtubules

Centrosome

Legend

z l Dynein/dynactin
? E Kinesin-7
% Sister Chromatid

Figure 1.5 Mitotic motor proteins. Examples of some of the mitotic motor proteins
involved in chromosome congression and separation. Kinesin-7, a plus end directed motor
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protein is involved in chromosome congression and movement of sister chromatids to the
metaphase plate. Dynein/dynactin are minus end directed, involved in poleward chromosome
migration.

The inner plate of the KT interfaces with the centromeric heterochromatin which
promotes the assembly of the KT due to the presence of histone H3 variant CENP-A which
specifies centromeric chromatin.'%*! The inner plate is made up of the constitutive centromere
associated network (CCAN), a group of 16 proteins that are constitutively associated with the
centromere throughout the cell cycle, and serves as the building platform for the KT (Figure
1.6).11

In late G2, KT assembly begins, and is fully matured after NEBD, following the exit from
mitosis they rapidly disassemble.® During mitosis the kinetochore must form direct physical
connection with microtubules (MT) from the mitotic spindle.'® The outer KT serves as the MT
binding surface, the core of which is the KMN network, a 10 subunit super complex made up of
Knl1, Mis12 and the Ndc80 complexes (Figure 1.6).1* The KMN network serves as main MT
receptor at the KT and also as recruitment platform for other proteins including mitotic
checkpoint proteins and additional regulators of KT-MT attachment, such as the Skal complex,

MCAK, CENP-E and dynein.*!
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Figure 1.6 The kinetochore. The inner kinetochore, where the H3 variant CENP-A, and the
constitutive centromere associated network (CCAN) connect the chromosome to the outer
kinetochore proteins. The KMN network (Ndc-80, KNL-1 and Mis12 complexes) and Skal bind
the microtubules.

1.2.1 KT-MT attachments

There are 2 different ways in which the KT can attach to a MT. Lateral interactions, where

the KT interacts with the side of the MT, this allows the KT to initially capture the MT and be



moved along.'? Stable KT-MT interactions require end on attachments, where the MT plus end is

embedded in the KT.10

The KT-MT attachments that are formed must also be in the proper amphitelic
attachments where sister KT are attached to spindle MTs from opposite poles (Figure 1.7 right
panel). If improper KT-MT attachments occur, they must be corrected. Examples of these are
shown in Figure 1.7, monotelic, where only one sister KT is attached to MT from a spindle pole
and the other sister KT is unattached; syntelic, where both sister KTs are attached to MT from
the same spindle pole; merotelic, where a single KT is attached to MT from opposite spindle poles.
These improper attachments must be resolved, and this is done through an error correction

mechanism mediated through Aurora B kinase signaling.'?

1A

Monotelic Syntelic Merotelic Amphitelic

(onlyone KT  (Attached (Attached (Bi-polar)
attached) to one to both
pole) poles)

10



Figure 1.7 Kinetochore Microtubule attachments. There are proper and improper KT-MT
attachments. Monotelic, syntelic and merotelic are improper KT-MT attachment that must be
corrected until proper amphitelic attachments are made.

1.2.2 Dynein and Dynactin.

In eukaryotic cells, cytoplasmic dynein-1 (dynein) and various kinesins are responsible for
the movement of vesicles, organelles, proteins, and mRNA. Dynein is a member of the AAA+
ATPase superfamily, and is the major minus end directed MT motor in most eukaryotic cells.!3
Dynactin is a dynein regulator that has been implicated in almost all functions of dynein, including
its recruitment to the kinetochore, as dynein is in an inactive conformation when unbound.*3
While dynactin is able to increase dynein processivity on its own, the addition of a cargo adaptor,

converts dynein into a highly processive motor.4%>

Each dynein/dynactin complex contains a single cargo adaptor molecule, which functions
as the link between dynein/dynactin and the cargo; forming a stable complex that is capable of
MT minus end directed movement. The N-terminal region of the adaptor protein binds to
dynein/dynactin, while the C-terminal region binds the specific cargos® (Figure 1.8). In the
absence of this adaptor, dynein and dynactin have low affinity for each other and processive
motion will not occur. Currently there are 4 members of the BICD family of dynein/dynactin
adaptors that have been studied, BICD2, Rab11-FIP3, Hook3 and Spindly. These 4 adaptor
proteins link dynein/dynactin to their cargos and are required for the highly processive

dynein/dynactin complexes'4.
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Dynein/
dynactin

Figure 1.8 Dynein/dynactin is the major minus end directed motor protein.
Dynein/dynactin require the presence of an adaptor protein (BICD) bind to the cargo. This
complex then moves poleward on the microtubule.

Dynein/dynactin plays 2 major roles in mitosis, chromosome congression and silencing of
the mitotic checkpoint. KT bound dynein captures MT that are passing the KT, which allows for
the rapid movement of chromosomes along MT toward the spindle poles before alignment at
the metaphase plate. Following sister chromatid bi-orientation, dynein/dynactin mediates the
transport of mitotic checkpoint proteins such as Mad1, Mad2, BubR1, the RZZ complex and

Spindly away from the KT to the spindle poles, silencing the mitotic checkpoint.1®

1.2.3 CENP-F

Centromere protein F (CENP-F), is a human KT protein that is important for chromosome
alignment and is essential for cells to sustain prolonged mitotic arrest in response to unattached
KT. Mammalian CENP-F interacts with a variety of partners involved in various cellular processes
including cell division.'” CENP-F depletion results in cells with reduced KT localization of mitotic

checkpoint proteins Mad1, Mad2, hBubR1, hBub1 and hMps1.18
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CENP-F is farnesylated at its C-terminus and this farnesylation is required for nuclear
envelope localization, KT localization and degradation post mitosis. *°?° Unlike Spindly, CENP-F
KT localization does not depend on the RZZ complex, rather Bubl is required for CENP-F KT

localization.?!

1.2.4 Bubs and Mads

Mitotic checkpoint proteins were first identified in yeast mutants that failed to arrest in
mitosis in the presence of MT poisons. The first group was the Mitotic Arrest Deficient (Mad) 1, Mad2,
and Mad3;?? the second group was the Budding Uninhibited by Benzimidazole (Bub) 1, Bub2, and
Bub3.22> Monopolar spindle (Mps1) kinase, was identified in a yeast mutant that failed to arrest in
mitosis when spindle formation was impaired.?* These proteins, excluding Bub2 are all evolutionarily
conserved in all eukaryotic organisms forming the core mitotic checkpoint proteins.?®> Since the
discovery of these proteins, more mitotic checkpoint proteins have been identified that play roles in
arresting cells in mitosis upon different conditions. Mammalian Mad1, Mad2, Mad3 (BubR1), Bub1,

Bub3 and Mps1 all preferentially localize to unattached KT.

1.3 The Mitotic checkpoint

The mitotic checkpoint is the failsafe mechanism that monitors chromosome bi-
orientation on the mitotic spindle, and as long as any unattached chromosomes remain, it
prevents the progression from metaphase to anaphase allowing more time to achieve proper
bipolar chromosome alignment.!? Sister chromatids are held together by the cohesin complex,
and prior to anaphase, securin inhibits separase preventing cohesin cleavage (Figure 1.9, top

panel). At anaphase onset, the E3 ubiquitin ligase Anaphase Promoting Complex/Cyclosome
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(APC/C), targets securin for degradation. This results in free separase which then cleaves cohesin
resulting in sister chromatid separation (Figure 1.9, bottom panel). Premature chromosome
separation must be prevented to ensure proper chromosome segregation, and this is done by
the mitotic checkpoint.'%24 The presence of incorrect or missing MT attachment at the KT results
in checkpoint signal that can diffuse through the rest of the cell and results in inhibition of the

cell cycle.1012

P

Bubl
b
m ——
™ =

Mitotic checkpoint

RZZ complex(MCC)

securin

1

'

Unattached KT

Prometaphase

Attached KT

separase

= AF

Figure 1.9 The mitotic checkpoint. In Prometaphase, the Mitotic checkpoint complex
(MCC) inhibits APC/C preventing degradation of securin and Cyclin B. O-Mad2, inactive
conformation of Mad2; C-Mad2- active conformation of Mad2. C-Mad?2 interacts with Mad1 at

Metaphase-Anaphase Transition
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KT, serves as a template to convert more O-Mad2 to C-Mad2. C-Mad2 forms the MCC with
BubR1, Bub3, Cdc20 and binds to APC/C as a pseudo-substrate, inhibiting its activity. During
the metaphase to anaphase transition, MCC is disassembled, APC/C is now active, securin and
Cyclin B are degraded. Separase cleaves cohesin, resulting in separation of the sister
chromatids.

1.3.1 APC/C

Progression through mitosis into anaphase requires the activity of APC/C, an E3 ubiquitin
ligase that controls the polyubiquitylation of cell cycle regulators.?® Polyubiquitylated proteins
are recognized and degraded by the 26S proteasome.?® APC/C is a multi-subunit complex, with a
Cullin-RING ubiquitin ligase-like catalytic core, structural linkers and various subunits, such as
Cdc20. Cdc20 is an activator of APC/C and acts as a substrate specific receptor for KEN and D box
degrons.?® Following mitotic checkpoint silencing, APC/C-Cdc20 activity results in the
polyubiquitylation of Cyclin B and securin which allows for anaphase onset, the separation of

sister chromatids, and mitotic exit (Figure 1.10).%’
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Figure 1.10 Active APC/C results in mitotic progression. The APC/C is phosphorylated by
Cdk1 and once bound to Cdc20 is now active. It targets substrates containing D or Ken box
degrons for degradation via the ubiquitin-proteasome-system. This allows the metaphase to
anaphase transition to occur, degradation of cohesin by separase and the separation of sister
chromatids.

1.3.2 MCC Complex
The Mitotic Checkpoint Complex (MCC), functions as the inhibitor of APC/C preventing

premature entry into mitosis. The MCC is comprised of Mad2, BubR1, Bub3 and Cdc20. BubR1
contains 2 KEN domains, which are involved in the binding of Cdc20 to the MCC.*? Mad2 is
recruited to the kinetochore through interaction with Madl, where it then can bind and
sequester Cdc20 in the MCC. Mad2 has 2 different conformations, open-Mad2 (0-Mad2) the

inactive, unbound pool of Mad2; and closed-Mad2 (C-Mad2) the active conformation, which
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interacts with Mad1 and Cdc20.22 Mad1-C-Mad2 at the kinetochore serves as a template for the
conversion of O-Mad2 to C-Mad2 that is then able to bind Cdc20 and be incorporated into the
MCC (Figure 1.9, top panel).? The removal of Mad1-C-Mad2 from the kinetochore upon proper
microtubule attachment is performed by the RZZ complex and Spindly, which are required for
proper mitotic checkpoint silencing (Figure 1.9, bottom panel).?

Mad2 is required for BubR1 binding of Cdc20, resulting in inhibition of Cdc20 mediated
activation of APC/C.*2 The MCC functions as a pseudo-substrate for APC/C inhibiting its activity
(Figure 1.11, left panel).?2 Loss of Mad2 results in premature degradation of cyclin B during
prometaphase, causing premature chromosome separation, due to the lack of APC/C inhibition.
Upon mitotic checkpoint silencing, the MCC disassembles, and APC/C-Cdc20 is free, resulting in

polyubiquitylation of target substrates such as cyclin B and securin (Figure 1.11, right panel). %

APC/C Inactive APC/C Active

wer

BubR1

[ Securin ] - .

Figure 1.11 MCC acts as a pseudo-substrate for APC/C. When MCC is bound to APC/C as a
pseudo-substrate, it prevents APC/C-Cdc20 from binding substrates. Upon mitotic checkpoint
silencing, APC/C-Cdc20 is able to bind substrates such as securin, resulting in degradation.
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1.3.3 The RZZ Complex

The RZZ complex is an essential mitotic checkpoint component at the KT, composed of
Roughdeal (Rod), ZesteWhitel0 (Zw10) and Zwilch. In cells lacking RZZ components, cells no
longer arrest in mitosis following spindle damage, but will instead proceed to exit from mitosis.>°
The RZZ complex is recruited to the KT via the Bub1/Bub3 complex, where it then recruits other
mitotic checkpoint proteins.3! The RZZ complex is required for the recruitment of Mad1, Mad2
and Spindly to KTs (Figure 1.12).28323133 The RZZ complex contributes to checkpoint activation
by promoting Mad2 recruitment, allowing for formation of the MCC. When metaphase
chromosome alignment is achieved, mitotic checkpoint silencing begins with shedding of Mad2

along MT fibers along with RZZ and Spindly.33

(Lo > (Lo >

Figure 1.12 RZZ KT recruitment. The RZZ complex is recruited via Bub1, where it then can
recruit Spindly an Mad1-Mad2 to the kinetochore.
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1.3.4 Aurora B Kinase and Mps1

Improper KT-MT attachment needs to be remedied, this is controlled by a variety of
mitotic kinases including Aurora B, Mps1, Plk1, Bub1 and Cdk1. In some cases these kinases will
act globally, for example Cdk1l dependent phosphorylation ensures KT function and assembly
state change are simultaneously controlled at each KT to alter its function at cell cycle
transitions.1°

Aurora B is a Ser/Thr protein kinase that is part of the chromosome passenger complex
(CPC) located in the inner KT. Aurora B phosphorylates outer KT substrates to promote proper
KT-MT attachments, in response to lack of tension. %12 Lack of tension allows Aurora B to directly
inhibit components of the KT-MT interface, including the Ndc80 and Skal complexes, which
eliminates incorrect KT-MT attachments, resetting KT to unattached state from which proper KT-
MT attachments can be re-established (Figure 1.13, left panel).’® Upon proper KT-MT
attachments, the KT is under tension, which results in the spatial separation of Aurora B from its
substrates, preventing its activity. (Figure 1.13, right panel).®1%12 |n addition to Aurora B, there
are phosphatases that are localized to the KT, that following activation, ensure that KT substrates

are dephosphorylated.*®
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Figure 1.13 Aurora B kinase corrects improper KT-MT attachments. Improper KT-MT
attachments result in lack of tension between the sister KT. This allows Aurora B to be in
proximity to Ndc80 to phosphorylate it and reset the KT to an unattached state. Upon proper
amphitelic attachments, tension across the KT results in spatial separation of Aurora B kinase

from its substrates.
Mps1 kinase is involved in the proper biorientation of sister chromatids on the mitotic
spindle. Mps1 is recruited to the kinetochore in response to Aurora B mediated phosphorylation
of Ndc80. Mps1 mediated phosphorylation, recruits mitotic checkpoint proteins such as Bubl,

Bub3, Mad1 to the KT resulting in the activation of the mitotic checkpoint (figure 1.14).12
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Figure 1.14 Mps1 mechanism of action. Phosphorylated Ndc80 recruits Mps1 to the KT. Mps1
then phosphorylates Knl1, resulting in the recruitment of mitotic checkpoint proteins.

1.4 Spindly

1.4.1 Discovery of Spindly
Spindly was identified through an RNAi screen in Drosophila S2 cells looking for novel
components of the mitotic checkpoint.3* In C. elegans, Spindly (SPDL-1) was identified though an

RNAi based genome-wide screen for interactors with known SAC components.3> Through a BLAST
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search using a 32 amino acids region conserved between D. melanogaster, A. gambiae and A.

aegypti, human Spindly (hSpindly, CCDC99) was discovered.

1.4.2 Spindly Localization

In interphase hSpindly is mainly nuclear. Following entry to mitosis, hSpindly KT
localization is first detectable after nuclear envelope breakdown. hSpindly KT levels are the
highest during prometaphase, after which they decrease and the majority of hSpindly is degraded
upon mitotic exit, with a small pool of hSpindly remaining (Figure 1.15).3637.38 When KT are
unattached, hSpindly expands into a crescent like morphology,3® consistent with its localization
to the fibrous corona. The levels of hSpindly are highest at unattached KT and decrease upon
proper MT attachment. In addition to its role during mitosis, hSpindly also localizes to the leading
edge of migrating cells and is required for mediating dynein/dynactin function in cell migration

and timely migration of cells.3®
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Figure 1.15 Spindly cell cycle localization. Spindly cell cycle localization in Hela cells is
shown. Hela cells were imaged at each phase of mitosis, and Spindly, the kinetochore (ACA),
mitotic spindle (Tubulin) and DNA (DAPI) were imaged. Overlay of Spindly (green), ACA (red)
and DAPI (blue) is shown. Single slice, scale bar = 10um.

1.4.3. Spindly domains
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1.4.3.1 Evolutionary conservation of Spindly.

hSpindly is a 605 amino acid protein comprised predominately of coiled coil structure,
that shows only 14% identity between human and Drosophila.?* Aside from the Spindly Box (the
32 conserved amino acids) there is almost complete divergence from the rest of the protein
sequence. There are 2 highly conserved residues S256 and F258 (human), F199 and S234 (C.
elegans and Drosophila). These residues are essential for the interaction of Spindly with dynein
(and dynactin in the case of C. elegans and human cells).*° This shows that even though Spindly’s
function is conserved as a dynein adaptor across these different species, sequence conservation

is limited.

1.4.3.2 Spindly Box

hSpindly has 2 putative coiled coil domains, which are separated by a conserved Spindly
box (SB).3” The Spindly Box is a short evolutionarily conserved motif (Figure 1.16) that is used to
define this protein family. When 2 conserved residues in the SB are mutated, this mutant localizes
to the kinetochore, but fails to recruit dynein/dynactin. This then results in retention of Spindly,
Mad1, Mad2, and CENP-E at the KT of aligned chromosomes.?® This persistent KT localization
demonstrates the requirement of hSpindly SB in the recruitment of dynein/dynactin for proper

mitotic checkpoint silencing.
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Homo saplens 249
Mus musculus 249
Xenopus laevis 250
Gallus gallus 249 ,
Drosophila melanogaster 227 NNDR
Caenorhabditis elegans 190 K L. A A|R

Figure 1.16 The Spindly Box is evolutionarily conserved. Spindly Box sequence alignment
of human (Homo sapiens), mouse (Mus musculus), Xenopus (Xenopus laevis), Chicken (Gallus
gallus), Drosophila (Drosophila melanogaster), and C. elegans (Caenorhabditis elegans) is

shown. Conserved amino acids are highlighted with the grey box.

1.4.2.3. CC1 and CC2 motif

hSpindly has both CC1 and CC2 box domains, a characteristic of BICD family member

proteins (Figure 1.17), through which Spindly interacts with dynein/dynactin. BICD family

members serve as adaptor proteins for dynein, the C-terminal portion binds the cargo to be

transported and the N-terminal portion is then available to bind dynein and induce minus end

directed transport.* Mutations in either CC1 or CC2 results in impaired recruitment of

Dynein/Dynactin.*? It is through the CC1, CC2 and Spindly box that hSpindly can interact with

dynein and dynactin.

CC1 box

Homo sapiens 19
Mus musculus 18
Xenopus laevis20
Gallus gallus 19 |E ES| |
Daniorerio 21 ALQ EQL LIH 40
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CC2 box

Homo sapiens 53
Mus musculus 52
Xenopus laevis 54
Gallus gallus 53
Danio rerio 55

Figure 1.17 CC1 and CC2 boxes are evolutionarily conserved. CC1 and CC2 box sequence
alignment of human (Homo sapiens), mouse (Mus musculus), Xenopus (Xenopus laevis),
Chicken (Gallus gallus), and Zebrafish (Danio rerio) is shown. Conserved amino acids are

highlighted with the grey box.

1.4.2.4 CAAX farnesylation motif

Through screening of deletion and random insertion mutants the extreme C-terminus was
found to be essential for hSpindly KT localization.3”#3 The C-terminal amino acids make up the

CAAX farnesylation motif (Figure 1.18), that when altered prevents hSpindly kinetochore

localization** due to lack of farnesylation.
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Figure 1.18 Spindly is farnesylated. The C-terminus CAAX of Spindly is farnesylated by
farnesyltransferase.

1.4.4 Spindly Kinetochore localization

Spindly is recruited to the kinetochore through interaction with the RZZ complex (Figure
1.19 top panel), and loss of the RZZ complex subunits results in the abolishment of Spindly
kinetochore localization.3”:3¢ Spindly interaction with the RZZ complex requires farnesylation.
When farnesylation is inhibited by FTI treatment, Spindly no longer interacts with the RZZ
complex (figure 1.19, bottom panel).**** This loss of interaction is because farnesylated Spindly
interacts with Leu120 of Rod’s B-propeller,*> and loss of farnesylation results in loss of this

interaction.*®
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Figure 1.19 Spindly KT localization. Spindly is recruited to the KT through farnesyl
dependent interaction with RZZ complex. Top panel) Spindly is farnesylated by FTase, is
recruited to the KT through interactions with Leu120 of Rod. Dynein/dynactin is then recruited
to the KT. Bottom panel) inhibition of Spindly farnesylation inhibits Spindly KT localization and
dynein/dynactin KT localization.

Spindly kinetochore localization is dependent on its farnesylation; however, the specific
farnesylation motif does not matter as long as it meets the criteria to be a farnesylation motif.
When hSpindly farnesylation motif was substituted for CENP-E or CENP-F farnesylation motifs,
hSpindly still localizes to the kinetochore during prometaphase.* However if the farnesylation

motif is substituted for one that will be geranylgeranylated, hSpindly is not recruited to the
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kinetochore during prometaphase.** This further highlights farnesylation and not alternative

prenylation is required for hSpindly kinetochore recruitment during prometaphase.

1.4.5 Functions of Spindly
hSpindly is required for proper chromosome alignment and mitotic spindle formation34
hSpindly functions as the kinetochore adaptor for dynein/dynactin® and depletion of hSpindly

results in loss of dynein/dynactin from the kinetochore,®® which is the mechanism that results in

the observed prometaphase arrest.

1.4.5.1 Spindly and dynein/dynactin

hSpindly forms a complex with dynein and dynactin in vitro, interacting with both dynein
light intermediate chain and dynactin’s pointed end complex. ¢ Spindly interacts with dynein via
its N-terminus*® showing that while the C-terminus of hSpindly is required for its interaction with
the RZZ complex and recruitment to kinetochores, the N-terminus is what is necessary for dynein
recruitment consistent with other dynein/dynactin cargo adaptors. While hSpindly depletion
prevents recruitment of dynein/dynactin to KT, resulting in KT that resemble those found in cells
lacking dynein;3* it does not affect dynein/dynactin localization to the spindle, spindle poles, cell
cortex or microtubule plus ends in interphase cells.®® Thus, hSpindly depletion specifically affects
the recruitment of dynein/dynactin to kinetochores, without affecting the other roles of

dynein/dynactin outside of mitosis.

1.4.5.2 Spindly and chromosome congression
hSpindly is required for chromosome congression by acting as the adaptor protein in the

recruitment of dynein/dynactin to kinetochores. When hSpindly is mutated or depleted,
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chromosome congression is impaired, with the majority of peripheral chromosomes failing to
reach the metaphase plate while chromosomes more centrally located are able to align
properly.3” hSpindly SB mutants lacking the ability to recruit dynein/dynactin, but still capable of
KT localization, partially rescued the chromosome alignment defect seen when hSpindly was
depleted.3® These hSpindly mutants resulted in aligned sister KT under tension comparable to KT
with wild-type hSpindly bound.3® This indicates a yet undefined dynein/dynactin independent

role for hSpindly in chromosome congression.

1.4.5.3 Spindly and the mitotic spindle

hSpindly is required for maintenance of spindle morphology. Depletion of hSpindly results
in multi-polar spindles and spindles that were either very long, bent or twisted with their spindle
poles often displaced off the spindle axis.3” This is believed to be due to the lack of hSpindly
mediated dynein/dynactin poleward movement that counters the ejection forces of

chromokinesin hKid.3’

1.4.5.4 Spindly regulation of the Mitotic Checkpoint

The mitotic checkpoint is silenced when the MCC is disassembled and mitotic checkpoint
proteins have been shed from the KT. This shedding is dependent on dynein/dynactin, and
therefore on hSpindly KT localization.3* Aurora B kinase regulates the mitotic checkpoint through
the recruitment of some checkpoint proteins®’ and inhibition of premature removal of
checkpoint proteins.*® When Aurora B kinase is inhibited, hSpindly KT localization is lost, due to

premature shedding of the mitotic checkpoint proteins.3®
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When Spindly is mutated and not able to bind dynein/dynactin, mitotic checkpoint
components are still localized to bi-oriented chromosomes, resulting in prolonged checkpoint
activity.3® The mitotic arrest that occurs upon hSpindly depletion occurs in a Mad2 dependent
mechanism; as when both Mad2 and hSpindly are depleted the cells exit mitosis.3’ This highlights
the importance of Spindly in silencing of the mitotic checkpoint through the recruitment of

dynein/dynactin and the following poleward movement of the mitotic checkpoint components.

1.4.5.5 Spindly and cell migration

hSpindly localization to focal adhesions is required for cell migration, through the
recruitment of dynein/dynactin. hSpindly colocalizes with the p50 dynamitin subunit of dynactin
on what is thought to be an actin-based structure. Depletion of hSpindly results in decreased
migration comparable to that of dynactin depletion.3® This shows that hSpindly acts as a
dynein/dynactin cargo adaptor in both interphase and mitosis.; and in interphase is required for

cell migration.

The involvement of Spindly in migration has also been investigated in Drosophila ovarian
border cells. When Spindly is depleted, the border cell cluster will migrate faster along the
anterior posterior axis towards the oocyte, and when Spindly is overexpressed it causes
incomplete border cell migration.*°® Spindly in both human and Drosophila is involved in proper
cell migration, but in different ways. In the case of Drosophila ovarian border cells, depletion of
Spindly results in faster migration, while hSpindly depletion results in decreased migration. This
shows the need to continue to study the roles of Spindly in the different organisms to see what

roles it plays, as this role does not appear to be consistent across different species.
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Recently, hSpindly has also been shown to interact with the de-ubiquitylating enzyme
(DUB) USP45. hSpindly is mono-ubiquitylated and USP45 removes this ubiquitylation. Depletion
of USP45 resulted in impaired wound healing similar to that seen with hSpindly depletion.
However, USP45 depletion had no effect on mitotic progression, so it does not affect hSpindly’s
role in mitosis.*® While the role of hSpindly is more clearly understood in mitosis, there are other

roles for hSpindly in interphase that are currently not fully understood.

1.4.6 Spindly and Anti-mitotic agents

hSpindly depletion results in a prometaphase arrest due to the lack of dynein/dynactin
recruitment to KT. hSpindly expression in lung cancer cell lines was compared to non-tumorigenic
control and showed increased mRNA and proteins levels.®® When hSpindly depletion was
combined with a low dose of paclitaxel (an anti-mitotic agent that targets tubulin), it resulted in
prolonged mitotic arrest, decreased cell viability and decreased colony forming capacity.*® This
combination treatment altered the way in which the cells were dying. hSpindly depletion results
in cells dying in mitosis, but when hSpindly depletion was combined with paclitaxel the majority
of the cells died in the interphase following mitosis or were arrested in interphase. This
combination also resulted in more cells dying from apoptosis compared to hSpindly depletion
alone.”® Both hSpindly depletion and paclitaxel treatment resulted in a similar number of
multipolar spindles, when the two were combined almost all spindles observed were multipolar
and lead to increased multinucleated cells.”® Treatment with farnesyltransferase inhibitors (FTI)
phenocopies hSpindly depletion, as it results in loss of hSpindly KT localization. Loss of hSpindly
KT localization, either through FTI treatment or depletion; combined with other anti-mitotic

agents shows a possible therapeutic treatment option.
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1.5 Farnesylation and Farnesyltransferase inhibitors

1.5.1 Protein Prenylation

Protein prenylation is a post-translational modification that results in the addition of an
isoprenoid lipid group onto a protein, promoting membrane interaction and biological activities
(Figure 1.20).°>* Farnesylation was first observed in the mating factor of R. toruloides, that was
found to contain a farnesylated cysteine in its C-terminus.>? Previous studies had shown that
there were cellular requirements for mevalonic acid that was unrelated to cholesterol.
Radiolabelled protein was detected in cells subjected to metabolic labeling with radioactive
mevalonic acid demonstrating that mevalonate was converted to an isoprenoid compound and
covalently incorporated into proteins.®®> Mevalonic acid is the precursor to both geranyl
pyrophosphate (GPP) and farnesyl pyrophosphate (FPP) as well as other isoprenoid intermediate
in the cholesterol biosynthesis pathway (Figure 1.21).>* It was found that both Ras and the a-
mating pheromone in S. cerevisiae were farnesylated at their C-terminus. When the amino acid
sequences were examined the only region that showed similarity was the C-terminus where both
contained a CAAX motif. This conserved farnesylation motif has a cysteine residue followed by 2

aliphatic amino acids and a C-terminal residue.>>
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Figure 1.20 Ras farnesylation. Proteins with a CAAX motif are farnesylated by FTase in the
cytoplasm. Farnesylated Ras then moves to the endoplasmic reticulum where the C-terminal
AAX residues are cleaved and then methylated. Finally, at the cell membrane, the protein is
then also palmitoylated. FPP, Farnesyl pyrophosphate; FTase, Farnesyl transferase; F, Farnesyl
isoprenoid lipid; FTI, farnesyltransferase inhibitor; RCE1, Ras converting enzyme; ICMT,
isoprenylcysteine methyltransferase; P, fatty acid covalently bound to Cys residue i.e. palmitic
acid.
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Figure 1.21: Mevalonate pathway in animal cells. Mevalonate metabolism pathway
resulting in the production of farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate
(GGPP) in the cholesterol biosynthesis pathway.

1.5.2 Farnesylation and Geranylgeranylation
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1.5.2.1 Farnesyltransferase

The farnesyltransferase (FTase) enzyme was first purified from rat brain cytosol as an
enzyme that transfers the farnesyl moiety (15 carbon) from FPP to the Cys of p21R2s, This enzyme
is competitively inhibited by peptides containing the CAAX motif, even ones as short as 4
residues.>® Since then FTase has been found in many other mammalian cells and tissues.>” The
purified FTase was found to be a heterodimer containing an a and B subunit. The a subunit is 377
amino acids and ~49kDa,>® while the B subunit is 438 amino acids and is ~46 kDa. Additionally,
the B subunit contains the recognition site for the peptide substrate>® and FPP.®? Neither the

FTase a or B subunit have FTase activity without the other being present.>%>°

FTase is a metalloenzyme, requiring Zinc to bind the protein substrate while FPP binding
to FTase is independent of the presence of either zinc or magnesium.?* The zinc molecule
coordinates the thiol group(s) in the peptide substrate in a ternary complex of the enzyme-
isoprenoid-peptide substrate.®® The transfer of the farnesyl moiety from FPP to the substrate

protein requires the presence of magnesium.®!

The FTase holoenzyme forms a stable complex with FPP, where it is not covalently bound
but when the complex is incubated with an acceptor protein, the farnesyl group is transferred.®?
Mammalian FTase can bind either FPP or the protein substrate independently, but in order for
the substrate to be farnesylated FTase must bind FPP first.®9 The release of the farnesylated
product is the rate-limiting step in this reaction. FTase enzyme must encounter more FPP to

release the farnesylated product (Figure 1.22).%0
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Figure 1.22: Farnesylated protein release from FTase. FTase binds FPP, and the protein
substrate, this interaction requires the presence of a zinc (Zn). FTase then transfers the
Farnesyl isoprenoid to the protein substrate, in the presence of magnesium (Mg). In order to
release the farnesylated substrate protein FTase needs to bind new FPP.

FTase is essential for embryonic development, when FTase is ablated in mice, embryos
did not proceed past embryonic stage 11.5, as well as having loss of embryonic layers, decreased
cell proliferation and increased apoptosis.®> Murine embryonic fibroblasts (MEFs) that were
deficient in FTase did not grow to high density as well as maintained a discernable intracellular
space. In addition, these MEFs had a flat morphology, reduced motility and slower proliferation

rate than control MEFs.%3 Due to the early embryonic lethality of FTase knockout, mice were
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induced for FTase knockout at 10 days old, and showed no FTase allele or FTase activity. These
mice developed into adults and did not show any anatomical pathology or behavioral defects.
Mice at 6 months old were tested for stress responses, including wound healing, and while they
showed delayed wound healing by ~30%, the wounds did heal®. When FTase was depleted in 2
Ras oncogene driven tumor models (K-Ras and H-Ras) there was no effect on the number or size
of tumors induced.®® While it is known that FTase is dispensable for tumor development and
embryonic lethal, it is not yet known what substrates are essential for the initiation, proliferation
or survival of different cancers. Further understanding of the role of FTase and farnesylated
protein in cancer development and progression will aid in understanding what patients would

benefit from prenylation inhibitor treatment.

1.5.2.2 Geranylgeranyltransferase

In addition to farnesylation there is geranylgeranylation, which is the addition of a 20-
carbon isoprenoid lipid onto proteins. It was first observed in Hela cells and was determined to
be a major isoprenoid modification.®* FTase a subunit is the common regulatory subunit between
FTase and Geranylgeranyl transferase (GGTase), while both have a unique catalytic § subunit
(Figure 1.23).%3 Normal Ras function requires farnesylation not geranylgeranylation, however
oncogenic Ras activity can be maintained by geranylgeranylation when farnesylation is

inhibited.®®
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Figure 1.23 Farnesyltransferase and Geranylgeranyl transferase. Both Farnesyltransferase
(FTase) and Geranylgeranyltransferase-1 (GGTase-1) share a common a-subunit and different
B-subunits.

1.5.2.3 CAAX motif requirements

FTase and GGTase are 2 different and distinct enzymes.®® When the cytosolic fraction of
bovine brain was incubated with both FTase and GGTase substrates with radiolabelled FPP and
GGPP, both substrates were labelled with radioactive isoprenoid moieties. Using peptide affinity
column chromatography, Moores et al. purified 3 different enzymes: FTase, GGTase-1 and
GGTase-2.%7 Both FTase and GGTase-1 rely on the CAAX motif to determine substrate specificity,
while GGTase-2 catalyses the addition of 2 geranylgeranyl groups onto 2 cysteine residues in
sequences that contain CXC or CCXX in the C-terminus of Rab proteins.” When X is Alanine,
Serine, Methionine or Glutamine the protein is farnesylated.®® When X= Leucine, Isoleucine or
Phenylalanine the protein is geranylgeranylated.®® However there is some overlap, such as in the
case of Ras, where if farnesylation is inhibited it can instead be geranylgeranylated to maintain

its activity.®® What amino acids can be in A; is more relaxed than either A, or X. Basic and
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aromatic side chains were tolerated in A1 not A, position, and they appear to influence the
efficiency of the isoprenylation but did not change the specificity of the reaction.®’ Proteins that

are good substrates for FTase are poor substrates for GGTase-1 and vice versa.®’

1.5.3 Farnesyltransferase inhibitors:

Farnesyltransferase inhibitors (FTI) were initially developed to inhibit Ras farnesylation,
as oncogenic Ras requires farnesylation dependent membrane localization in order to cause
malignant transformation. While Ras is both farnesylated and palmitoylated, Val'?K-Ras 4B is not
palmitoylated but is farnesylated, membrane associated and fully transforming. When
farnesylation was inhibited, Val*?K-Ras 4B failed to become membrane associated and did not
transform 3T3 cells.®® Based on the promising preclinical data, clinical trials with FTIs were carried
out however they did not provide any survival advantage in patients with solid tumors.” It is
believed that this failure was due to inappropriate stratification of patients,”* and that many of
the patients enrolled had advanced or metastatic disease. Additionally while it was known
preclinically that K-Ras tumors were resistant to FTls, Phase 3 trials were carried out in patients
whose tumors contained K-Ras mutations.”? This indicates that novel biomarkers are needed for

patient stratification in future clinical trials for FTls to ensure effective clinical outcomes.

Treatment of cancer cells with FTls results in a range of cellular effects, including induction
of apoptosis,’®74 cell cycle arrest,”>’%44 inhibition of cell proliferation, migration,’%77:7879.80 gnd
angiogenesis.8! FT| treatment results in the inhibition of both anchorage dependent and
independent proliferation. FTlIs can inhibit cell growth in cells with various mutations including K-

Ras, p53 deletions, and cyclin dependent kinase inhibitor 2A silenced cells.”””8 In the case of Ras
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mutations, FTls are able to inhibit growth in tumors with K-Ras and N-Ras mutations (but not
regress it); while in tumors with H-Ras mutations, FTI treatment results in tumor regression.’7°80
In tissue culture cells, FTItreatment results in prometaphase arrest by preventing bipolar spindle
formation and chromosome alignment, due to inhibition of hSpindly KT localization.”>’®4* FTls
can induce apoptosis through various mechanisms including enhancing death receptor signals,
inhibiting pro-survival signaling such as NF-kB, Inhibitor of Apoptosis (IAP) and Bcl-2.7%7374 FTls

have been shown to inhibit angiogenesis, possibly through the inhibition of HIF-1a expression

and hypoxia (Figure 1.24).81

Apoptosis Cell cycle arrest

L1

Angiogenesis
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Cell proliferation
migration

Figure 1.24 Farnesyltransferase inhibitor treatment cellular effects. Treatment with
farnesyltransferase (FTI) results in inhibition of cell proliferation, cell migration, angiogenesis
and promotes cell cycle arrest and apoptosis.

41



FTIs have been shown to be potent inhibitors of tumor cell growth in cell culture and in
mouse models. While combination treatments of FTI and cytotoxic anti-neoplastic drugs (such as
cisplatin, doxorubicin and fluorouracil) resulted in additive effects, when FTls are combined with
microtubule stabilization agents (i.e. Taxol and epothilones) the effect observed was synergistic,
resulting in abnormal chromosome alignment and disordered spindle apparatus which is

consistent with metaphase arrest.®?

FTls have also been used in the treatment of other diseases, such as Hutchinson-Gilford
progeria syndrome (HGPS), a disease in which there is a mutation in the Lamin A gene, such that
prelamin A (an FTase substrate) is not cleaved to mature Lamin A. This persistently farnesylated
and non-functional Lamin A is termed progerin.838 FTIs prevented the aberrant nuclear
morphology in a Hela cell HGPS model.8> In HGPS mouse models, FTI treatment resulted in
improved life span, body weight and bone integrity.®® In Phase 2 clinical trials involving the
treatment of HGPS patients with FTI, there was improved life span and bone integrity
observed.?”8889 HGPS treatment remains a current area of study, with clinical trials continuing.
In addition to HGPS, FTls have also been used to treat various parasitic disease including: Malaria,
Chagas disease, and African sleeping sickness.?>°! Second generation FTls have been designed to
specifically inhibit parasite FTase.?>®3 These second generation FTls result in toxicity to the
parasite and parasite eradication in a malaria mouse model®* without inhibition of mammalian

FTase.?*

1.5.4 Tipifarnib
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Tipifarnib is a non-peptidomimetic FTI that competitively inhibits Ftase through
interaction with the substrate protein binding site. Cells that have H-Ras or N-Ras mutations were
found to be the most sensitive to Tipifarnib with ICs50<10nM. Tipifarnib is orally available and
showed antiproliferative activity, increased apoptosis and anti-angiogenic effects in mouse
tumor models.®® Tipifarnib is one of 2 FTls that have advanced to Phase 3 clinical trials and has
been tested in variety of tumor models and clinical trial stages. As a monotherapy Tipifarnib has
been tested in advanced bladder, colon cancer, NSCLC, and solid tumors with little response.”?
When tested in advanced breast cancer, there was a partial (11.8%) response, and all who
responded had wild type Ras genes.”> While Tipifarnib showed little effect as a monotreatment,
when used in combination with other therapeutics it showed an improved response. Tipifarnib
has been used in combination in various trials. In a Phase 1 trial in combination with gemcitabine
and cisplatin it showed a 33.3% complete response and 26% partial response in patients with
advanced solid tumors.”? In Phase 2 clinical trials of both advanced and locally advanced breast
cancer, Tipifarnib in combination with doxorubicin (Topoisomerase |l inhibitor) and
cyclophosphamide (DNA alkylating agent) improved response rate from 10% to 21.9% and 25%
respectively.’? Additionally, when FTase activity was examined in these trials, it was shown that
FTase activity decreased by 55-100% for the advanced breast cancer trial and median FTase
activity decreased by 91% in the locally advanced breast cancer trial. While in a clinical trial
looking at Tipifarnib and tamoxifen in advanced breast cancer, the response rate was only 16.7%,
and FTase activity had only decreased by 42-54%. This information indicates the need to
determine what patients could benefit from Tipifarnib treatment, and what other therapies it

would work best with in combination.”? In a recent Phase 2 clinical trial, Tipifarnib and Fulvestrant
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(a selective estrogen receptor degrader) was tested in post-menopausal metastatic breast cancer
where some of the patients had aromatase inhibitor resistant disease and some did not. The
combination treatment showed an improved clinical benefit rate of 47.6% compared to 32% for
Fulvestrant alone for aromatase inhibitor resistant disease.?® The combination treatment did not
increase the response rate in hormone receptor positive metastatic breast cancer. This further
highlights the need to ensure testing is occurring in the proper models. The increased response
rate for the combination in the aromatase inhibitor resistant patients shows a need for further

testing.

1.6 Weel and Adavosertib

1.6.1 Weel family of kinases
The Weel family of kinases is made up of Weel and Mytl and was originally discovered in
budding yeast, where Weel mutants resulted in smaller or “wee” progeny.®® Weel and Myt1 are

responsible for Cyclin B-Cdk1 inhibition, preventing premature entry into mitosis.>®

1.6.2 Weel role in the cell cycle

Weel activity is regulated during the cell cycle. In interphase, Weel is phosphorylated and
bound to 14-3-3, sequestering it in the cytoplasm (Figure 1.25).%° Following DNA damage, Weel
is activated resulting in inhibition of Cdk1 until the G2/M checkpoint is silenced when all DNA
damage has been repaired. Cdc25C phosphatase removes the inhibitory phosphates on Cdk1,

resulting in active Cdk1-Cyclin B and entry into mitosis (Figure 1.25).”
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Figure 1.25 Weel activity in the cell cycle. In G1, Weel is sequestered by 14-3-3. During S
and G2 upon checkpoint activation, Weel is activated and prevents entry into mitosis. Upon
DNA damage repair at the G2/M transition Weel is ubiquitylated and subsequently degraded,
and active Cdk1-Cyclin B drives entry into mitosis. During metaphase Weel phosphorylates
and inhibits Cdk1-Cyclin B allowing progression into anaphase.

1.6.2.1 G2/M Checkpoint

The G2/M checkpoint prevents cells from entering mitosis if there is unrepaired DNA damage
from earlier phases in the cell cycle.® Ataxia-Telangiectasia Mutated (ATM) and Ataxia
Telangiectasia and Rad3-related (ATR) are the 2 kinases that are responsible for the response to
DNA damage, with ATM responding to double stand breaks and ATR to replication stress. These
2 kinases phosphorylate a number of other proteins and kinases resulting in a signaling cascade
which will pause the cell cycle until the DNA damage is either repaired or the cell will undergo
cell death or senescence.'® When the G2/M checkpoint is activated in response to DNA damage
by ATM/ATR, Chk1 is phosphorylated, resulting in inhibition of Cdc25C and activation of Weel,
resulting in Cdk1-Cyclin B inhibition (Figure 1.25, middle panel).1%* Once the DNA damage has
been repaired and the checkpoint silenced, Weel is phosphorylated by Polo like kinase (Plk1)

and subsequently degraded via the proteasome. 192 Additionally, Cdc25C inhibition is weakened,
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leading to activation of Cdc25C and subsequent activation of Cdk1-CyclinB through de-

phosphorylation (Figure 1.25).103

1.6.2.2 Mitotic exit

During mitosis, for the progression from metaphase to anaphase, Weel activity is required
to phosphorylate Cdk1, resulting in inhibition of Cdk1-Cyclin B activity. This allows the cell to
proceed to anaphase and exit mitosis.'%* Lack of this Wee1 activity results in a prolonged mitotic

arrest (Figure 1.25).19

1.6.3 Weel in cancer

Cancer cells frequently have altered G1 checkpoints, so the inhibition of Weel and the G2/M
checkpoint allows for continued cell proliferation with unrepaired DNA damage.'°® Weel is highly
expressed in several cancer types, including breast cancer. High expression of Weel has been
reported in response to elevated replication stress and is associated with tumor progression and
poor rates of disease free survival.12 Other studies have reported the absence of Weel in colon
cancer and this is correlated with poor prognosis.'°? These studies suggest that the mechanism
through which these cancers survive varies. When cells have high Weel expression they most
likely rely on the G2/M checkpoint for survival and mitosis, while those with absence of Weel,
most likely rely on not having the G2/M checkpoint present in order to survive.1°2 Myt1 has been
shown to be required in certain cancers. In glioblastoma, Myt1 was shown to be essential, and

the redundancy between Myt1 and Wee1l had been lost.10?

1.6.4 Adavosertib is a selective small molecule inhibitor of Weel activity.
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Loss of Weel activity during interphase promotes premature mitotic entry, 08

resulting in
abnormal mitotic cells that display mitotic slippage, apoptosis and micronuclei formation.0?
Whereas loss of Weel during metaphase prevents the initiation of anaphase resulting in mitotic
arrest. Both premature entry into mitosis and mitotic arrest are a result of high ectopic Cdk1-
CyclinB activity.1%

Adavosertib (MK-1775 or AZD-1775) is a small-molecule inhibitor that inhibits Wee1l activity
resulting in premature mitotic entry, and delayed mitotic exit, with a mitotic arrest at the
metaphase to anaphase transition. These mitotic cells have centromere fragmentation, where
the centromeres and kinetochores cluster away from the chromosomes.®> When cells are
deficient in p53, they are dependent on the G2/M checkpoint, as the lack of p53 results in
inactivation of the G1 checkpoint. Adavosertib was first tested in p53 deficient cells and was
shown to selectively lead to cell death when combined with DNA damaging agents such as
gemcitabine and cisplatin in p53 deficient cells.''% Adavosertib has been shown to result in
enhanced killing when combined with other anti-mitotic compounds or DNA damaging
agents. 105109111110 |n 3ddition Adavosertib has been shown to regress tumor xenograft growth,!2
and has been tested in combination trials with other agents. One such combination is Adavosertib
combined with the ATR inhibitor AZD6738, which resulted in tumor remission and inhibited
metastasis with minimal side effects. This combination was synergistic, and resulted in cells with

unrepaired or under replicated DNA entering mitosis resulting in mitotic catastrophe.?3

1.7 Synergy

1.7.1 Synthetic Lethality
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Synthetic lethality is when 2 genes, that when either alone is inhibited the cells will survive,
however when both are simultaneously inhibited it leads to cell death. To exploit this, the
identification and characterization of the mechanisms that cancer cells are dependent on allows
targeting through treatment.4

An example of synthetic lethality that has been used previously is the use of PARP inhibitors
in BRCA deficient breast cancers, where treatment with a PARP inhibition alone results in tumor
specific cell death.’*> This death is due to persistent DNA damage that would normally be

repaired by BRCA mediated DNA repair in cells with functional BRCA.11®

Synthetic lethality can target specific cancer cell genetic mutations, hopefully aiding in
determination of what patients will respond. In addition, synthetic lethality creates a large
therapeutic window, or range of doses that can be used to treat a patient. This large therapeutic
window allows lower efficacious doses of chemotherapy to be used to help limit adverse

effects.114

1.7.2 Bliss Independence method

Synergy is the greater effects of drugs in combination than the simple additive effect
expected from the combination of the 2 individual drugs.'” Synergy, similar to synthetic lethality
allows lower concentrations of treatment modalities used in combination than on their own. This

created the potential for less side effects to occur.

The Bliss Independence method is an effect-based strategy that compares the effect of
the combination of 2 drugs directly to the effects of the drugs as monotreatment.!® We calculate

the Bliss Cl value from the equation shown in Figure 1.26b. The effect of each drug as a
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monotreatment is shown in Figure 1.27a, and these correspond to the Ex and Eg values in the

equation. The effect of the 2 drugs used in combination, or Eag is shown in Figure 1.27a and this

corresponds to the denominator of the equation. While EaEgs expected effect of the combination

treatment and if the observed combination treatment effect is greater than this, then the Bliss

Cl value is <1.0 making it synergistic. If the expected effect is greater, then the Bliss Cl will be >1.0

making it an antagonistic combination.
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Figure 1.26 Bliss Cl. A) Graphical representation of the data collected for the effect of 2
individual drugs and the combination treatment. B) Bliss Cl equation, Effect of A (Ea), Effect of
B (Es), Effect of A and B combo treatment (Eas). C) What each Cl range signifies, >1 is
antagonistic, 1.0 is additive, <1.0 is synergistic and <0.7 is strongly synergistic.

1.8 Breast Cancer
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1.8.1 Breast Cancer molecular classifications

Breast cancer is the most diagnosed cancer among women, and most common cause of
cancer related death.!''® Breast cancer is classified into different subtypes based on the
expression of 3 receptors, estrogen (ER), progesterone (PR) and human epidermal growth factor
receptor 2 (Her2). Breast cancer was originally classified based on IHC into Luminal, Her2
overexpression and basal-like (triple negative). However, modern breast cancer classification is
based off the expression of the 3 different receptors. Luminal breast cancer is sub-classified as
Luminal A, or Luminal B based on receptor status; Luminal A is ER+, PR+, Her2-, while Luminal B
is ER+, PR-/+, Her2+/Ki67 high. Generally Luminal A tumors have a better prognosis, are less
aggressive and more differentiated. Luminal B on the other hand, generally have a worse
prognosis than Luminal A.**° Luminal tumors are the most common, with Luminal A being more
common than Luminal B.'2° Her2 overexpressing cancers are ER-, PR- and Her2+, which
characterizes this cancer subtype.'?® Finally basal-like or triple negative cancers are ER-, PR- and
Her2-12%, are the most heterogenous, have the worst prognosis, high expression of proliferation

genes, and frequent metastasis.?°

1.8.2 Standard treatment options of breast cancers

Luminal A and Luminal B breast cancers respond well to hormone therapy. They can be
treated with aromatase inhibitors, which result in downregulation of estrogen. Tamoxifen can
also be used in these cancers, it will bind ER, preventing ER activity.*?° Previously Her2+ breast
cancers had a poor prognosis. Trastuzumab, a monoclonal antibody against Her2 was developed
as a targeted therapy to prevent Her2 activation.'?? Following the development of Trastuzumab,

Her2+ breast cancer survival has improved. Basal-like breast cancer do not respond to traditional
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breast cancer therapies, as there are no hormone receptors to target like in the other subtypes.'?°

Basal like cancer are treated with surgery, radiation, and chemotherapy.!!® Due to the lack of
response to traditional therapies and propensity to developing resistance, new therapies are

needed to treat these cancers.

1.9 Thesis Introduction

1.9.1 Characterizing Tipifarnib

In the first results sub-section of my thesis, | characterized the response of Hela cells to
Tipifarnib. Hela cells were used due to their competent mitotic checkpoint. In this section, |
determined the minimum time required for Tipifarnib treatment, as well as the minimum
concentration of Tipifarnib required for loss of Spindly KT localization. In addition, | determined
that in accordance with the literature and our labs previous results, that Tipifarnib treatment

resulted in a prolonged mitotic duration and increased cell death.

1.9.2 Tipifarnib and Adavosertib combination treatment

The second results sub-section of my thesis investigates the effect of Tipifarnib and
Adavosertib combination treatment. We wished to investigate if this combination would be
synergistic, resulting in a larger therapeutic window, allowing for lower concentrations to be used
while still resulting in cell death. | determined that Hela and the breast cancer cell lines tested

had varying degrees of synergy.

1.9.3 Tipifarnib Resistant cells.

To determine potential causes of resistance to Tipifarnib, Tipifarnib resistant HeLa were

generated. These Hela were then examined for Spindly KT localization, Spindly and FNTB protein
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levels. Mitotic duration was also examined, and resistant cells had a prolonged mitotic duration

and altered cell fate.
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CHAPTER 2: Methods

2.1 Cell Culture

Hela, Hela pAAVS1-P-CAG-mCherry-H2B, MDA-MB-231, MDA-MB-468, SK-BR-3, BT-474,
cells were grown as a monolayer in high-glucose DMEM (Dulbecco’s modified Eagle’s medium)
supplemented with 2mM L-glutamine and 5% (v/v) FBS (Fetal Bovine Serum). HeLa pAAVS1-P-
CAG-mCherry-H2B 1uM Tipi? were grown in monolayer in high-glucose DMEM (Dulbecco’s
modified Eagle’s medium) supplemented with 1uM Tipifarnib, 2mM L-glutamine and 5% (v/v)
FBS (Fetal Bovine Serum). Hela pAAVS1-P-CAG-mCherry-H2B 2uM Tipi® were grown in
monolayer in in high-glucose DMEM (Dulbecco’s modified Eagle’s medium) supplemented with
2uM Tipifarnib, 2mM L-glutamine and 5% (v/v) FBS (Fetal Bovine Serum). T-47D and MCF-7 cells
were grown as a monolayer in low-glucose DMEM (Dulbecco's modified Eagle's medium)
supplemented with 2 L-glutamine, 0.01mg/ml insulin and 10% (v/v) FBS (fetal bovine serum).
MCF-10a and HME-1 cells were grown in in MEBM supplemented with SingleQuots (Lonza; CC-
3150) (2 mL of bovine pituitary extract, 0.5 mL hydrocortisone, 0.5 mL epidermal growth factor
(rHEGF), and 0.5 mL insulin). All cell lines were cultured in a humidified incubator at 37°C with
5% CO,. Cells were washed with PBS and then trypsinized with 0.05% Trypsin for 5 minutes at
37°C with 5% CO.. The cells were then split between 1:3-1:5 depending on specific cell line every
2-3 days.

2.1.1 Hela pAAVS1-P-CAG-mCherry-H2B generation.
Hela cells were grown to 60% confluency, they were then co-transfected with pAAVS1-P-

CAG-mCherry-H2B and pXAT2 as described by Oceguera-Yanez.! The transfected cells were then
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treated with 1ug/mL puromycin for 2 weeks. Following the confirmation of mCherry-positive cells
via microscopy, the cells were then sorte. The positive cells were then seeded with 100 cells per
10cm dish and single cell colonies grown. From these single colonies 6 colonies were mixed to
generate the Hela pAAVS1-P-CAG-mCherry-H2B.

2.1.2 Tipifarnib resistant cell generation.

Hela pAAVS1-P-CAG-mCherry-H2B cells were seeded into T25 cell culture dishes, once
reached 60% confluency, DMSO, 1uM (1uM TipiR) or 2uM (2uM TipiR) Tipifarnib was added. Every
3 days cells were split, according to above trypsin protocol if greater than 80% confluency. If the
flask was not confluent, the cells were washed with PBS to remove dead cells and debris and then
fresh media and Tipifarnib added. Cells were monitored and split every 3-5 days depending on
whether they had reached 80% confluency. This was repeated for 30 passages (~3 months), and
then Tipifarnib resistance was confirmed by crystal violet assay.

2.2 Small Molecule Inhibitors

Tipifarnib was stored as 25mM stock in DMSO and Adavosertib as 10mM in DMSO at -20°C.
Cells were treated with the concentrations indicated. Tipifarnib (Selleckchem, S$1453),
Adavosertib (Chemie Tek; 955365-80-7), Nocodazole (Sigma, M1404), Monastrol (Selleckchem,
S8439).

2.3 Drug Treatments
2.3.1 Tipifarnib treatment for Imnmunofluorescence experiments
Tipifarnib treatment time optimization: Cells on coverslips were treated with 1.5uM

Tipifarnib or equal volume of DMSO solvent control for 12, 18 or 24 hours.
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Tipifarnib concentration optimization: Cells on coverslips were treated with 0.097-1.5uM
Tipifarnib or equal volume of solvent control DMSO for 12 hours.
2.3.2 Nocodazole kinetochore localization assay
Nocodazole (200ng/mL) was added 30 minutes prior to fixation in the nocodazole
kinetochore localization assay.
2.3.3 Mitotic cell assay
Mitotic cell assay for the Tipifarnib resistant cells: Cells seeded on coverslips were treated
with 1 or 2uM Tipifarnib or equal volume of solvent control DMSO for 24 hours. Cells were fixed
and processed for fluorescence with a pS28-H3 antibody.
2.3.4. Drug treatments for survival assays.
Tipifarnib 1Cso Crystal Violet assay: Cells were treated with 0.097-25uM Tipifarnib or equal
volume of solvent control DMSO.
Adavosertib 1Cso Crystal Violet assay: Cells were treated with 125-2000nM Adavosertib or
equal volume of solvent control DMSO.
Combination treatments for synergy.
Simultaneous: Cells were treated with 0.097-25uM Tipifarnib and 125-2000nM
Adavosertib or equal volume of solvent control DMSO for 96 hours.
Tipifarnib first: Cells were treated with 0.097-25uM Tipifarnib or equal volume of solvent
control DMSO. 24 hours after Tipifarnib treatment cells were treated with 125-2000nM

Adavosertib or equal volume of solvent control.
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Adavosertib first: Cells were treated with 125-2000nM Adavosertib or equal volume of
solvent control DMSO. 24 hours after Adavosertib treatment cells were treated with 0.097-25uM
Tipifarnib or equal volume of solvent control.

2.3.3. Hela pAAVS1-P-CAG-mCherry H2B cells for high content imaging

Hela pAAVS-P-CAG-mCherry-H2B cells for high content imaging: Cells were treated 24 hours
after seeding. Cells were treated with 0.097-25uM Tipifarnib or equal volume of solvent control
DMSO.

Tipifarnib resistant cells for High Content Imaging: Cells were treated 24 hours after seeding.

Cells were treated with 0.39-6.2uM Tipifarnib or equal volume of solvent control DMSO.
2.4 Western Blotting

Cells were harvested and processed for western blot as described previously.? Protein
concentrations of cell extracts were determined with the Pierce BCA assay (Thermo Fischer
Scientific, 23225) and samples were standardized by dilution to 20 ug protein per sample. Protein
extracts were separated on 10% SDS-polyacrylamide gel for 50 minutes at 200V. PageRuler Plus
Prestained protein ladder (Thermo Fisher Scientific; 26619) was used as a molecular weight
marker. Proteins were transferred onto nitrocellulose for 10 minutes at 25V and 2.5mA by Trans-
Blot® Turbo Transfer System. Membranes were blocked with Odyssey blocking buffer (LI-COR
Biosciences) and probed with rat polyclonal anti-hSpindly antibody (1:1000 dilution, Chan Lab3),
rabbit anti-Farnesyltransferase B (1:25,000 dilution, Abcam 109625), mouse anti-a-tubulin
(1:10,000 dilution, Sigma T5168). Secondary antibodies Alexa Fluor 680 anti-rat (1:1000 dilution,
Thermo Fisher Scientific, A21096), Alexa Fluor 680 anti-rabbit (1:1000 dilution, Thermo Fisher

Scientific A21109), Alexa Fluor 800 anti-mouse (1:1000 dilution, Thermo Fisher Scientific,
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A21057) were used. Total protein was stained using AquaStain Protein Gel stain (Bulldog-Bio).
Odyssey IR imager system (LI-COR Biosciences) scanner was used to scan the blots and then

analyzed by Image Studio light V5.2 for quantification.
2.5 Fluorescence Microscopy

Cells were seeded on 18-mm? coverslips (0.170 +/- 0.005mm, Zeiss, 474030-9000-000) at
a density of 50,000 cells/mL in 6 well dish. Coverslips were sterilized by immersion in 95% ethanol
and then flamed using a Bunsen burner. Cells on coverslips were treated with Tipifarnib
(SelleckChem) at the concentration specified or same volume of solvent control DMSO for the
duration specified. When specified, cells were then treated with 200ng/mL nocodazole or equal
volume of solvent control DMSO for 30 minutes. Cells were fixed with 3.5% paraformaldehyde in
PBS for 7 minutes, permeabilized in KB buffer (50mM Tris/HCI, pH 7.4, 150mM NacCl and 0.1%
BSA) with 0.2% Trition X-100 for 5 minutes at room temperature, then rinsed in KB buffer for 5
minutes at room temperature. Rat anti-hSpindly (1:1000 dilution, Chan Lab3) and Alexa Fluor
488-conjugated anti-rat (1:1000 dilution, Molecular Probes, A11006) antibodies were used to
detect hSpindly. hCENP-F was visualized using rabbit anti-hCENP-F antibody (1:1500, Chan Lab?)
and AlexaFluor anti-rabbit Texas Red (1:1000, Molecular Probes, T2767) antibodies. Centromeres
were visualized using human ACA sera (anti-centromere sera, 1:2000, gift from Dr. Marvin
Fritzler, University of Calgary) and Alexa Fluor anti-human 674 (1:1000, Molecular Probes
antibodies, A21445). Rat Phospho-S28-H3 antibody (1:2500, Abcam, ab10543), anti-rat 488 DNA
was stained with 0.1ug/mL DAPI. Coverslips were mounted with Mowiol mounting media.

A Leica Falcon SP8 microscope was used to collect the images. Cells were visualized with

either 100X 1.4NA oil Plan-Apo lens or 25X 0.95 Water HC Fluotar lens. Diode 405nm and White
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laser 2 was used. The white light laser was adjusted for 488 nm, 594 nm, and 647nm. Laser power
was kept consistent between image acquisition within each experiment. The diode 405nm was
detected using a PMT, and the white light laser was detected using 3 hybrid detectors. Images

were processed using Adobe Photoshop CS6.
2.6 High Content Imaging

Images were taken with a high-content—automated microscopy imaging system (MetaXpress
Micro XLS, software version 6, Molecular Devices) as previously described.”> Cells were seeded
onto 96 well optical bottom plate (Thermo Fisher Scientific, 165395) at density of 1000 per well.
Cells were treated with the specified concentrations of Tipifarnib immediately prior to imaging.
Single images were captured in each well with a 20X 0.45NA S Plan Fluor ELWD objective with
the equipped siCMOS camera using the Texas red bandpass filter set (536/40nm and 624/40 nm).
Images were acquired at the center of each well, every 10 minutes for 72 hours. On average 200
cells per well were imaged. The images were then manually analyzed with the MetaXpress
software using the mCherry-H2B to monitor changes in DNA organization. Mitotic timing was
calculated by the interval between nuclear envelope breakdown (indicated by the first evidence
of chromosome condensation) to the onset of anaphase (or chromosome decondensation in the
case of mitotic slippage). Only cells that entered mitosis were analyzed for mitotic timing
experiments, and the fates of the mitotic cells (and resulting daughter cells) were tracked for the
duration of the experiment (72 hours). Cell death was determined by the formation of apoptotic

bodies.

2.7 Kinetochore localization quantification code.
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Matlab code for the detection and quantification of kinetochore localization was developed
by Kaushiki Roy. For the quantification of fluorescence, Spindly and CENP-F kinetochore
intensities were measured by determining the total pixel intensity at sister kinetochores.
Background subtraction was done as previously described in the literature.® Spindly and CENP-F
kinetochore intensity were outputted as a ratio to kinetochore intensity. Sister KT from 25

prometaphase cells were analyzed for each protein.
2.8 Crystal Violet assay

Cells were seeded into 96 well plates at either 1000 cells/well (HeLa cells), 2000 cells/well
(MDA-MB-231, MDA-MB-468, SK-BR-3, MCF-7, MCF 10a, HME-1 cells), 4000 cells/well (T-47D,
BT-474 cells) for 24 hours. Cells were treated as specified with Tipifarnib or Adavosertib or equal
volume of solvent control DMSO. After 96-hour treatment, the medium was aspirated then cells
were stained with 0.5% Crystal Violet (20% methanol) for 20 minutes as outlined in Feoktistova
et al.” Crystal violet was then removed, and plates were washed 3X with water and left to air dry
for 24 hours. Crystal violet was then resuspended in 200 pL 100% methanol, and absorbance at
570 nm (ODs70) was measured using FLUOstar OPTIMA microplate reader (BMG Labtech). Percent
surviving attached cells was calculated by subtracting blank wells then normalized with the
control set to 100%. The first point on each curve represents the DMSO solvent control. Graphs
were plotted using GraphPad Prism V9.

2.9 Reagents and buffers

16% Paraformaldehyde solution (Electron Microscopy Sciences, 15710) was diluted to 3.5% with
PBS.

Mowiol Mounting Media
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Buffer

Composition

KB and KB-TX 0.01 M Tris-HCI pH 7.5, 0.15 M NaCl, 0.1% BSA
(+/- 0.2% Triton X-100)
RIPA buffer 25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-

40, 1% sodium deoxycholate, 0.1% SDS
RIPA buffer (Thermo Fisher Scientific, 83900)

Phosphate Buffered Saline (PBS)

137 mM NacCl, 2.7 mM KCl, 4.3 mM Naz2HPOs, 1.4
mM KH2PO4, pH 7

1X SDS-PAGE running buffer (10L)

30.3 g Tris-HCl, pH 8.8, 141.7 g glycine, 10 g SDS

Western Blot transfer buffer

20% Methanol, 60% ddH20, 20% 5X Transfer
buffer
Bio Rad, Trans blot turbo kit, 1704270

AquasStain Protein Gel Stain

Bulldog-bio AS001000

2X Laemmli Sample Buffer

65.8 mM Tris-HCI, pH 6.8, 2.1% SDS, 26.3% (w/v)
glycerol,

0.01% bromophenol blue

Bio Rad, 1610737

Antibody Host Species | IF dilution | Western Blot Source
dilution
hACA Human 1:2000 N/A M. Fritzler, University
of Calgary
hCENP-F Rabbit 1:1500 N/A Chan et al., 1998
Farnesyltransferase B Rabbit N/A 1:25,000 | Abcam, ab109625
pS28-H3 rat 1:2500 N/A Abcam, ab10543
hSpindly Rat 1:1000 1:1000 Moudgil et al., 2015
Tubulin Mouse 1:2000 1:10,000 | Sigma T5168
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CHAPTER 3: Results

3.1 Characterization of cancer cell response to Tipifarnib

It is known that FTI treatment results in loss of Spindly KT localization, and prometaphase
arrest.***3 However Tipifarnib, the FTI | chose for my experiments had not previously been tested
in our lab. Based on experiments with other FTls, Tipifarnib should have the same effect where
the inhibition of farnesylation results in loss of Spindly KT localization. First, | needed to
determine the Tipifarnib treatment conditions, and then from there | characterized the response
of Hela cells to Tipifarnib. We selected Hela to characterize the response to Tipifarnib as the
previous FTI work in our lab was done in Hela cells and Hela cells have a competent mitotic

checkpoint.**

The first condition that | tested was what is the minimum time required for Tipifarnib
treatment to result in the loss of Spindly farnesylation. Previously it has not been determined
what the minimum time required for FTI treatment to result in loss of Spindly KT localization,
which serves as the indicator for loss of Spindly farnesylation. By investigating the minimum time
required for Tipifarnib treatment, we will be able to optimize the conditions for the experiments
going forward. If it takes a full 24 hours of FTI treatment, which is the shortest tested thus far in
the literature,* for loss of Spindly farnesylation, then we will be seeing the effects on the first
mitotic division where it is exerting an effect. However, if a shorter treatment duration is
sufficient for FTase inhibition, then by looking at these longer time points it is possible we will be
examining cells that have already gone through a division, and thus may have abnormalities due

to the abnormal mitosis that loss of Spindly KT localization could cause.
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To determine if Tipifarnib treatment requires a full 24 hours for loss of farnesylation, or if this
occurs after a shorter treatment period, Hela cells were treated with 1.5 uM Tipifarnib for 12, 18
and 24 hours before fixation (Figure 3.1A) and Spindly kinetochore localization was imaged in
prometaphase cells. Prometaphase cells were selected because that is when Spindly KT
localization occurs. It is lost in metaphase due to KT shedding upon proper chromosome
congression.3” ACA, an anti-centromere antibody was used to mark the inner KT. This was used
in all the following experiments to determine KT localization, via localization of outer KT proteins
with ACA. In both Figure 3.1 and Figure 3.2, Spindly KT localization was scored visually as either
positive or negative for the cell. This was then calculated as a percentage of cells examined. As
shown in Figure 3.1B. Spindly kinetochore localization was lost at all time points examined. When
these cells were scored for Spindly KT localization, at all time points tested there was a 100% loss
of Spindly KT localization (Figure 3.1C). This indicates that farnesylation is lost by 12hours post

Tipifarnib treatment and that 12hrs is a sufficient Tipifarnib treatment duration.
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Figure 3.1. Spindly is lost from kinetochores after a 12hr treatment with Tipifarnib. A)
Experimental flow chart. Hela cells were treated with 1.5 uM Tipifarnib for range of time (12,
18, 24 hours) and then fixed and stained for Spindly, ACA (Centromere) and DAPI (DNA). B)
Images shown are a single slice from a Z-stack. Laser power was set based on DMSO control
and all conditions were imaged using these conditions. C) Spindly KT localization was quantified
as either visual positive or negative via localization to ACA. This is then shown as the percent
of cells with Spindly KT localization. N = 30 prometaphase cells, 3 biological replicates. Scale
bar =10 um.

To maximize the sensitivity of this KT localization assay, cells were treated with the
microtubule poison, nocodazole 30 minutes prior to fixation (Figure 3.2A). This results in
activation of the mitotic checkpoint which then causes maximally expanded kinetochores. Proper
mitotic spindle formation relies on the capture of MT at the KT, with large KT accelerating the
capture of MT.??! We treated with nocodazole for 30 minutes, as this is enough time to
depolymerize the MT, but not a long enough treatment that it might confound the results we are

getting; allowing us to assume that the results observed are due to Tipifarnib treatment alone.
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Similar to Tipifarnib alone, Spindly kinetochore localization is lost at all 3 time points (Figure 3.2B),
further showing that 12 hours is sufficient for Tipifarnib treatment duration at 1.5 uM. However,
in the nocodazole treated cells, 21% of cells still had Spindly KT localization at 12 hours and 14%
of cells at 18 hours (Figure 3.2C). This is due to maximal activation of the mitotic checkpoint,
which results in kinetochore expansion. Thus, while the more sensitive assay showed some KT

localization of Spindly, it was still reduced to only 20% of cell analyzed relative to control.
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Figure 3.2. Spindly is lost from kinetochores after a 12hr treatment with Tipifarnib and
nocodazole. A) Experimental flow chart. Hela cells were treated with 1.5 uM Tipifarnib for
range of time (12, 18, 24 hours) and then treated with 200 ng/mL 30 minutes prior to fixation;
fixed and stained for Spindly, ACA (Centromere) and DAPI (DNA). B) Images shown are a single
slice from a Z-stack. Laser power was set based of DMSO control and all conditions were
imaged using these conditions. C) Spindly KT localization was quantified as either visual positive
or negative via localization to ACA. N = 30 prometaphase cells, 3 biological replicates. Scale bar
=10 um.

As the concentration we tested in the previous time point experiments had not been
optimized, we next tested a range of Tipifarnib concentrations for a 12-hour treatment to
determine what is the minimum concentration required for loss of Spindly KT localization. Hela
cells were treated with 0.097-1.5 uM Tipifarnib for 12-hours and then stained for Spindly, CENP-
F and ACA (Figure 3.3A). We used ACA, which is an anti-centromere antibody, as the constitutive
KT marker. While CENP-F was used as a control protein, as it is also a farnesylated protein that is

recruited to the outer KT, but its recruitment is not abolished by FTI treatment. By staining for

67



ACA and CENP-F in addition to Spindly, we are able to determine if Spindly KT localization occurs

(Spindly and ACA) and if it is lost (CENP-F and ACA).

As we are treating with a range of Tipifarnib, there is the potential that there will be some
partial Spindly recruitment to the KT, if FTase is not fully inhibited. To account for this, Spindly
and CENP-F KT localization was determined via quantification of the pixel intensities of Spindly,
CENP-F and ACA via a MATLAB code. This allows the potential of partial KT recruitment to be
accounted for and analyzed, compared to the previous visual yes/no for Figures 3.1 and 3.2. The
pixel intensities for Spindly and CENP-F were determined and calculated as a ratio to ACA
(Spindly:ACA and CENP-F:ACA respectively), which were then outputted and graphed as shown

in Figures 3.3C and 3.4C.

At all concentrations, Spindly KT recruitment is impaired (Figure 3.3B), with only the solvent
control DMSO showing Spindly KT localization. Even at the lowest concentration of 0.097 uM,
Spindly KT localization was decreased significantly (p<0.0001, student t-test) by more than half,
with a median Spindly:ACA ratio of 0.47 (Figure 3.3C). Interestingly across the entire range of
Tipifarnib tested, the normalized Spindly:ACA ratio was fairly consistent at ~50% of the control.
This indicates that even at the lowest concentration tested (0.097 uM) FTase was comparably
inhibited to 1.5 uM. The quantification of Spindly and CENP-F KT localization allows us to see KT
localization, that would not be apparent by visual assessment, as shown by the Z-stack slice in
Figure 3.3B, where Spindly KT localization appears lost, but when quantified, there is still some
Spindly that is recruited. CENP-F recruitment as expected was not abolished by Tipifarnib

treatment, and still recruited to the outer KT (Figure 3.3B). While for CENP-F, at 0.097 uM, there
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was a significant (p<0.01, student t-test) decrease, there was still 92% of KT recruitment
compared to control. 0.195, 0.39 and 1.5 uM all resulted in non-significant increases of CENP-F
KT localization, while 0.78 uM resulted in a significant (p<0.01, student t-test) increase of CENP-
F KT localization (Figure 3.3C). From the above, we were able to determine that 0.097 uM of
Tipifarnib is sufficient for a significant loss of Spindly KT localization, while CENP-F is not greatly

affected by the same concentrations.
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Tipifarnib (uM) Tipifarnib (uM)
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Tipifarnib (uM) Median Spindly:ACA ratio | Normalized [ Median CENP-F:ACA Ratio| Normalized
DMSO 0.26 1.00 0.94 1.00
0.097 0.12 0.47 0.86 0.92
0.195 0.13 0.48 1.08 1.15
0.39 0.14 0.55 1.21 1.29
0.78 0.13 0.51 1.26 1.34
1.5 0.13 0.49 1.10 1.17

Figure 3.3 0.097uM Tipifarnib is sufficient for loss of Spindly kinetochore localization. A)
Experimental flow chart. Hela cells were treated with 0.097-1.5 uM Tipifarnib for 12 hours.
and then fixed and stained for Spindly, CENP-F (outer KT), ACA (KT) and DAPI (DNA). B) Images
shown are a single slice from a Z-stack. Laser power was set based on DMSO control and all
conditions were imaged using these conditions. Images were enhanced for presentation. C)
Spindly and CENP-F KT localization was quantified via MATLAB code, where the pixel intensity
from the raw data of Spindly or CENP-F was outputted as a ratio to ACA intensity. Boxes
represent interquartile distributions and whiskers represent 10" and 90 percentiles. Points
represent the outliers. Statistical comparison between DMSO and Tipifarnib treated cells via
student T test, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns= not significant. Median
Spindly:ACA and CENP-F:ACA ratio as shown in the chart, and median ratio normalized to
DMSO is shown for each. N = 30 prometaphase cells, 3 biological replicates. Scale bar =8 um.

Once again, we wanted to see what Spindly KT localization occurs following Tipifarnib
treatment when the mitotic checkpoint is activated by nocodazole. Hela cells were treated with
0.097-1.5 uM Tipifarnib for 12 hours and with nocodazole 30 minutes prior to fixation in order to

maximally activate the mitotic checkpoint (Figure 3.4 A).
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Similar to Tipifarnib alone, Spindly KT localization is lost upon Tipifarnib and nocodazole
treatment (Figure 3.4B). 0.097 uM Tipifarnib was sufficient to cause a significant (p<0.0001,
student t-test) decrease in Spindly KT localization. 0.097 uM Tipifarnib and nocodazole resulted
in a larger decrease in Spindly KT localization relative to the DMSO control, with an ~70%
decrease (Figure 3.4C) compare to the ~50% decrease in Tipifarnib alone (Figure 3.3C). This larger
decrease in Spindly KT localization relative to control, is likely due to the mitotic checkpoint being
activated, and the KT expanded, which will result in increased Spindly KT localization, and thus a

higher ratio in the nocodazole treated control.

Only the 2 lowest concentrations of Tipifarnib tested resulted in a significant change in CENP-
F localization. 0.097 uM resulted in a significant (p<0.0001, student t-test) decrease to 64% of
the solvent control; while 0.195 uM resulted in a significant (p<0.001, student t-test) decrease to
88% of solvent control (Figure 3.4C). However, while this decrease is significant, compared to
Spindly, there is double the amount of CENP-F to Spindly when treated with 0.097 uM and almost
triple when treated with 0.195 uM (Figure 3.3C and Figure 3.4C). The higher concentrations of
Tipifarnib tested, resulted in non-significant increases in CENP-F KT localization, indicating that
while CENP-F KT localization can be reduced it is to a smaller extent compared to Spindly. Figure
3.3 and 3.4 both show that the lowest concentration of Tipifarnib tested, 0.097 uM is sufficient
to result in a significant (p<0.0001, student t-test) decrease to 47% (Figure 3.3C) and 32% (Figure
3.4C) of Spindly KT localization relative to the solvent control when treated with Tipifarnib or
Tipifarnib and nocodazole respectively. Additionally, 0.097 uM Tipifarnib treatment causes a
similar decrease in Spindly KT localization compared to 1.5 uM, with 47% to 49% (Tipifarnib alone

Figure 3.3C) and 32% to 23% (Tipifarnib plus nocodazole, Figure 3.4C). This data indicates that
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low concentrations Tipifarnib result in comparable inhibition of Spindly KT localization as the

higher concentrations.
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Tipifarnib + Nocodazole (uM) | Median Spindly:ACA ratio | Normalized | Median CENP-F:ACA Ratio Normalized
DMSO 0.44 1.00 0.81 1.00
0.097 0.14 0.32 0.52 0.64
0.195 0.14 0.32 0.71 0.88
0.39 0.14 0.32 0.85 1.05
0.78 0.11 0.25 0.89 1.10
1.5 0.10 0.23 0.83 1.02

Figure 3.4 0.097 uM Tipifarnib is sufficient for loss of Spindly kinetochore localization.
Hela cells were treated with 0.097-1.5 uM Tipifarnib for 12 hours and 200 ug/mL of nocodazole
was added 30 minutes prior to fixation. Cells were then fixed and stained for Spindly, CENP-F
(outer KT), ACA (KT) and DAPI (DNA). A) Experimental flow chart. B) Images shown are a single
slice from a Z-stack. Laser power was set based on DMSO control and all conditions were
imaged using these conditions. Images enhanced for presentation. C) Spindly and CENP-F KT
localization was quantified via MATLAB code, where the raw data pixel intensity of Spindly or
CENP-F was outputted as a ratio to ACA intensity. Boxes represent interquartile distributions
and whiskers represent 10" and 90" percentiles. Points represent the outliers. Statistical
comparison between DMSO and Tipifarnib treated cells via student T test, *** p<0.001, ****
p<0.0001, ns = not significant. Median Spindly:ACA and CENP-F:ACA ratio as shown in the
chart, and median ratio normalized to DMSO is shown for each. N = 30 prometaphase cells, 3
biological replicates. Scale bar = 8 um.

We were able to confirm that in accordance with the literature,***3 Tipifarnib treatment
resulted in loss of Spindly KT localization. From this we wanted to determine what effect this loss
of Spindly KT localization had on the mitotic duration and cell fate. Tipifarnib treatment should
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result in a prolonged mitosis duration due to prometaphase arrest, and depending how long this
arrest is, could result in cell death. To determine what effects Tipifarnib treatment has on mitotic
duration and cell fate we used high content live cell imaging. This allows us to examine a number
of treatment conditions in a high throughput manner. Hela cells stably expressing pAAVS1-P-
CAG-mCherry-H2B, which is mCherry-H2B that has been inserted into the safe harbor, PPP1R12C
locus where it is stably expressed.’?? These cells were seeded, treated with 0.097-12.5 uM
Tipifarnib and then imaged using a high content microscope every 10 minutes for 72 hours (Figure
3.5A). The duration of mitosis was determined from the frame that they enter mitosis, as seen
by chromosome condensation and the frame they exit mitosis- denoted by anaphase (Figure 3.5
B, top row). Additionally, cell fate was also tracked, with 3 possible outcomes: survival, death in
mitosis or death in interphase. For cell death, both in interphase and mitosis, the frame at which
apoptotic bodies formed was used as the frame the cell died, or that mitosis ended for cells that
die in mitosis (Figure 3.6B, middle and bottom rows). From this we were then able to calculate
the duration of mitosis of each cell and see what effects Tipifarnib treatment has on mitotic

duration and cell fate.

The loss of Spindly KT localization when treated with 0.097 uM Tipifarnib (Figure 3.3B) results
in a mitotic arrest, with a significant increase in the median mitotic timing from 40 minutes
(DMSO0), to 80 minutes (0.097 uM), (Figure 3.5C, p<0.01, student t-test). With increasing
Tipifarnib concentration, there is a significant increase in mitotic duration; with 0.097 uM
(p<0.01, student t-test), 0.197 uM (p<0.05, student t-test), 0.39uM (p<0.05, student t-test), and
0.78 uM (p<0.001, student t-test) Tipifarnib, all result in increased median mitotic duration to

approximately double the DMSO treated control cells (Figure 3.5C). At the higher concentrations
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of Tipifarnib tested-1.5, 3.1, 6.2, 12.5 uM, there was a significant (p<0.0001, student t-test)
increase in median mitotic duration (Figure 3.5C). 1.5 uM and 3.1 uM resulted in increases in
median mitotic duration, where they are ~2.5 and 4-fold longer respectively than the control
cells. While at the highest concentrations tested, 6.2 uM resulted in a ~8-fold increase, and 12.5

UM resulted in a ~17-fold increase in median mitotic duration (Figure 3.5C).

The increased mitotic duration shown in Figure 3.5C, also resulted in altered cell fate, which
is shown in Figure 3.5D. Cell survival (blue), cell death in mitosis (yellow) and death in interphase
(purple) is shown and the n in the center of each donut plot is the total number of cells that were
tracked over the 72 hours time period, from 16 original parent cells. The increased median
mitotic duration, resulted in a lower number of total cells, where 0.097 uM had 78 cells total
analyzed, compared to the 131 from the DMSO treated control cells. Tipifarnib treatment ranging
from 0.097-3.1 uM, all resulted in a similar number of total cells, ranging from 61-94 (Figure
3.5D). At the higher concentrations tested, 6.2 uM had 34 cells total, a ~4-fold decrease, and 12.5
UM had 16 cells, an ~8-fold decrease in total number of cells (Figure 3.5D). The increased
percentage of cells dying in mitosis, appears to correlate with the increased median mitotic
duration, where increasing concentrations of Tipifarnib resulted in prolonged mitotic duration
and increasing percentage of cells dying in mitosis. The high concentrations tested, 3.1, 6.2 and
12.5 uM resulted in increased percentage of cell death in mitosis, 15.3%, 41.2% and 100%
respectively (Figure 3.5D). Other than 0.197 uM Tipifarnib, all other concentrations of Tipifarnib
tested, did not result in a large percentage of cells dying in interphase (Figure 3.5D). From this it
appears that Tipifarnib treatment results in cell death during mitosis, and if the cell is able to

successfully complete mitosis, the cell will continue on in the cell cycle.
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Cell fate (percent)
Tipifarnib (uM)

pDMsO | 0.097 | 0.19 0.39 0.78 1.5 3.1 6.2 12.5
98.5 89.7 0.3 95.7 98.8 95.9 84.8 58.8 0.0
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Figure 3.5 Tipifarnib treatment results in prolonged mitotic arrest. A) Experimental flow
chart. HeLa pAAVS1-P-CAG-mCherry-H2B were treated with 0.097-12.5 uM Tipifarnib and then
imaged every 10 minutes for 72 hours. Mitotic duration was calculated from chromosome
condensation to anaphase. B) Determination of duration of mitosis and classification of
phenotypes: 1) normal mitosis — mitosis duration was counted from the first observation of
condensed prophase chromosomes (red arrow) to first observation of anaphase (blue arrow);
2) death in mitosis — mitotic duration was counted from prophase to first observation of
apoptotic bodies without mitotic exit (yellow arrow); 3) Death in interphase — defined as
observation of apoptotic bodies interphase (green arrow). Time-lapse interval was 10 minutes
unless otherwise specified. C) 16 initial cells were tracked, with the mitotic duration shown.
The median and mean mitotic duration are shown in the table. Statistical significance was
determined by One-way ANOVA and Tukey’s comparisons test. Asterisk (*) corresponds to
significance between DMSO and indicated treatments (* p<0.05, **p < 0.01, ***p<0.001 and
*¥***p < 0.0001), D) Cell fate at 72 hours was noted, and then calculated as a percentage of
total cells analyzed. Cells either survived (blue), died in mitosis (yellow) or died in interphase
(purple). n inside the donut plots, is the total cells analyzed per condition. Table shows
percentage of each cell fate per treatment. N =16 initial cells, 2 biological replicates.

Our lab has previously shown that the loss of Spindly KT localization due to FTI treatment is
not FTI or cell line specific.** The experiments discussed to date were to characterize Tipifarnib.
Next, | investigated what sensitivity other cell lines have to Tipifarnib. | chose to test a range of
breast cancer cell lines that our lab has. The cell lines tested are shown in table 3.1, and together
comprise the 4 different molecular sub-types of breast cancer. The cell lines used are MCF-7, T-
47D (Luminal A), BT-474 (Luminal B), SK-BR-3 (HER2+), MDA-MB-231, MDA-MB-468 (Triple
negative). Additionally, 2 non-tumorigenic cell lines were used, MCF 10a and hTERT-HME-1
(HME-1). These cell lines were used to model the potential effect of Tipifarnib treatment on the

non-tumorigenic breast tissue in a patient.
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Cell line Tissue type (ATCC) Molecular sub-type Hormone Receptor
Status
Hela Cervical N/A N/A
MDA-MB-231 Mammary Basal, Triple negative ER-, PR-, HER2-
gland/breast
MDA-MB-468 Mammary Basal, Triple negative ER-, PR-, HER2-
gland/breast
MCF7 Mammary Luminal A ER+/PR+, HER2-
gland/breast
T-47D Mammary gland Luminal A ER+, PR+, HER2-
BT-474 Mammary Luminal B ER+, PR-/+, HER2+
gland/breast ER+/PR-/+, Ki67 high
SK-BR-3 Mammary HER2+ ER-, PR-, HER2+
gland/breast
MCF 10A* Mammary N/A N/A
gland/breast
hTERT-HME-1 Mammary N/A N/A
(HME-1) gland/breast

Table 3.1 Molecular subtypes of cell lines used in this study. Cell lines used in this study, with
tissue of origin (from ATCC), and molecular classification as well as hormone receptor status.

To determine sensitivity to Tipifarnib, the cell lines were treated with 2 different ranges of
Tipifarnib. The more sensitive cell lines: SK-BR-3, MCF-7, MCF 10a were treated with range of 4-
25000 nM Tipifarnib, while the other 6 cell lines tested were treated with 97-25000 nM Tipifarnib.
The cells were treated for 96 hours before being fixed with crystal violet, and from this the ICsg

was calculated (Figure 3.6A).

SK-BR-3, MCF-7 and MCF 10a were found to be sensitive cell lines during preliminary tests.
These cells were treated with a 1:4 serial dilution ranging from 4-25000 nM. 96 hours post
treatment the cells were fixed with crystal violet and the ICso was calculated (Figure 3.6A). MCF

10a was found to be the most sensitive cell line tested with an ICso of 6nM (Figure 3.6B). While
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MCF 10a is one of the non-tumorigenic cell lines, it is 7 times more sensitive than the next most
sensitive cell line. Why MCF 10a is so sensitive is unknown, however it is possible as FTase as
many roles in the cell, that a role for FTase outside mitosis is essential for MCF10a survival, and
therefore Tipifarnib treatment results in inhibition of this role. SK-BR-3 and MCF-7 are the other
2 sensitive cell lines, with an 1Cso of 58nM and 88nM respectively (Figure 3.6B). These 2 cell lines
represent 2 different molecular subtypes of breast cancer, with SK-BR-3 being HER2+ and MCF-7

is Luminal A.

The remaining 6 cell lines, HeLa, MDA-MB-231, MDA-MB-468, BT-474, T-47D and HME-1 were
treated with a 1:2 serial dilution ranging from 97-25000 nM (Figure 3.6A). 96 hours post
treatment cells were fixed with crystal violet and the ICso was calculated. Of these cell lines, Hela
is the most sensitive with an I1Cso of 416 nM (Figure 3.6C). While this compared to the previous
high content data (Figure 3.5), these Hela cells are more sensitive. It could be that there are a
larger proportion of cells dying between 72-96 hours that accounts for the difference in survival.
At 72 hrs 390 nM of Tipifarnib resulted in 96% cell survival (Figure 3.5C). Or it could be that when
the stable cell line was generated and selected for the resulting population is innately more

resistant to Tipifarnib compared to the heterogenous population of HelLa used in this experiment.

The 2 triple negative cell lines, MDA-MB-231 and MDA-MB-468 have similar sensitivity to
Tipifarnib, with ICso of 1582 nM and 1730 nM respectively (Figure 3.6C). Triple negative breast
cancer are generally harder to treat compared to others due to the lack of hormone receptors,

120

and more epithelial nature'?® and this moderate sensitivity to Tipifarnib could be a potential

treatment. Additionally, in MDA-MB-231, FTI treatment has been shown to reduce H-Ras
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mediated epidermal growth factor (EGF) induced invasion.'?? This effect could potentially explain

why these cells are more sensitive than other cell lines tested.

The second non-tumorigenic cell line | tested is HME-1 a human mammary epithelial cell line
that was immortalized with human telomerase (hTERT). The HME-1 cell line has an ICsp of 3243
nM and is the second most resistant cell line. It appears whatever effects Tipifarnib is having that
is resulting in the cancer cell line deaths does not appear to be resulting in HME-1 cell death. This
is promising that Tipifarnib is not resulting in cell death in mammary epithelial cells. This
difference is also promising when comparing the 2 triple negative cell lines, which tend to be
more epithelial in nature.’?® HME-1 is ~2-fold more resistant to Tipifarnib than either triple
negative cell line. Finally, BT-474, a Luminal B cell line, is the most resistant with an I1Cso of 5664
nM. T-47D, which is a Luminal A cell line like SK-BR-3 but is much more resistant to Tipifarnib and
has an 1Cso of 3022 nM (Figure 3.6C). The 52-fold difference in ICso between T-47D and MCF-7,
shows that molecular subtype alone does not predict if a cell line, or subtype, will be sensitive or

resistant to Tipifarnib.
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Figure 3.6 Breast cancer cell lines show a varied response to Tipifarnib. A) Experimental
flow chart. B) Cells were treated with 4-25000 nM Tipifarnib for 96 hours and then fixed with
crystal violet and ICso values determined. ICso values shown in the table. C) Cells were treated
with 97-25,000 nM Tipifarnib for 96 hours and then fixed with crystal violet and ICso values
determined. ICso shown in table. N = 3, 6 replicates per n, 3 biological replicates

It does not appear that the molecular subtype corresponds to the sensitivity of cell lines to

Tipifarnib (Figure 3.6B&C). Some had similar sensitivity, such as the 2 triple negative cell lines
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MDA-MB-231 and MDA-MB-468. While the 2 Luminal A cell lines had a 52-fold difference in
sensitivity. Molecular subtype alone does not appear to function as an accurate marker of

sensitivity and other molecular markers are needed.

As the molecular subtype does not appear to function as a marker of sensitivity, we decided
to examine Spindly and Farnesyltransferase B-subunit (FNTB) expression to determine if this
correlates to sensitivity or resistance to Tipifarnib. FNTB is the subunit of FTase that binds both
the peptide substrate and FPP,>>0 and is present in equal stoichiometry to the a-subunit, which
together comprise FTase. We enriched mitotic populations for the following western blots, as
Spindly is a cell cycle regulated protein and its levels peak in mitosis.3” Additionally, the range of
cell lines tested all have different doubling times, from ~24hrs for Hela cells to 60-80 hours for
BT-474 cells. Due to this large range in doubling times an asynchronous population would not

provide an accurate comparison of Spindly protein levels in the various cell lines.

Cell lines were treated with nocodazole for 16 hours to arrest cells in mitosis and then mitotic
cell were collected via mitotic shake-off and extracts were made (Figure 3.7A). These extracts
were then blotted for Spindly and FNTB protein levels in addition to total protein. Spindly and
FNTB protein quantification was normalized to total protein and these normalized values are

shown in Figure 3.7C.

Looking at Spindly protein levels, it does not appear to correspond to sensitivity or resistance
to Tipifarnib seen in Figure 3.6B&C. Hela cells are in the middle between the resistant and

sensitive cell lines in terms of I1Cso but have the highest levels of Spindly. While BT-474, the most
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resistant cell line with an 1Cso of 5664nM only has 13% of the amount of Spindly compared to

Hela cells.

FNTB on the other hand may relate to Tipifarnib sensitivity or resistance (Figure 3.7B&C). T-
47D, one of the resistant cell lines, has approximately 3 times the amount of FNTB relative to
Hela cells and BT-474 cells, the most resistant cell line has 1.87 times relative to Hela cells. While
this shows potential to mark resistance, MCF-10a cells, which is the most sensitive cell line we
tested, has 1.89 times the amount of FNTB compared to HelLa while being 70 times more sensitive

to Tipifarnib than Hela.

Neither Spindly nor FNTB protein levels alone appear to be a good marker of Tipifarnib
sensitivity or resistance. However, as these 2 proteins work in conjunction, we wanted to see if
the ratio of FNTB to Spindly could provide a clearer indicator of Tipifarnib effect. If there is more
FNTB, then there could be an increased amount of FTase, requiring higher concentrations of

Tipifarnib to fully inhibit.

Only Hela cells have a higher ratio of Spindly to FNTB protein, in the remaining 8 cell lines
there is more FNTB than Spindly, but the degree to which there is more varies by cell lines. In
some cell lines this ratio appears to correspond to resistance, HME-1, T-47D, BT-474 all have high
ratios of FNTB:Spindly, with 14.94, 9.46, and 12.93 respectively. This could account for the
resistance as there is more FTase that needs to be inhibited before Spindly KT recruitment is
impaired. However, SK-BR-3, which is one of the most sensitive cell lines has a ratio of 10.64, so
it does not appear that this holds true in all cases. Additionally, the 2 triple negative cell lines

MDA-MB-231 and MDA-MB-468 have similar ICsp values (1582nM and 1730nM respectively); but
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have a ~3-fold difference between the FNTB:Spindly ratio, with MDA-MB-231 having 3.98, and

MDA-MB-468 being 1.27.

We then compared the ratio of FNTB:Spindly, the normalized Spindly protein level and
normalized FNTB level to the cell lines ICso to examine if a trend was present (Figure 3.7D). None
of these comparisons appear to act as a clear indicator of sensitivity. Spindly protein vs Tipifarnib
ICso shows a trend of increased Spindly protein levels resulting in increased sensitivity to
Tipifarnib. Neither Spindly, FNTB or the ratio of FNTB:Spindly appear to act as a consistent marker
of sensitivity or resistance. However, if other markers that can predict sensitivity are discovered,
this may be able to be used in combination to determine what patients could benefit from

Tipifarnib treatment.
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Figure 3.7 Spindly and FNTB levels do not to correspond to Tipifarnib sensitivity or
resistance. A) Experimental flow chart. Cells treated with 200 ng/mL nocodazole for 16 hours
and then mitotic cells collected via mitotic shake off. Cells were processed for Western Blot
and membranes blotted for Spindly and FNTB. Total protein was determined via Bulldog Aqua
stain. B) Western blot showing mitotic levels of Spindly and FNTB. Spindly and FNTB
guantification is shown relative to total protein, all normalization was done post this
calculation. C) Table shows each cell line’s ICso, the ratio of FNTB:Spindly and the protein
quantification normalized to Hela for Spindly and FNTB. D) FNTB:Spindly protein ratio, Spindly
protein levels and FNTB protein levels plotted with Tipifarnib 1Cso. Simple regression was done
to determine if there was a relationship between protein levels and Tipifarnib 1Cso. N = 3
biological replicates

3.2 Tipifarnib and Adavosertib combination treatment

Previously our lab had investigated the combination of Adavosertib with various other anti-
mitotic agents, each with a different mechanism of action to examine the combined effect. We
found that Weel inhibition sensitized breast cancer cells to paclitaxel.1® Another anti-mitotic
that was tested was the FTI L-744-832, and it was found to result in longer duration of mitosis,
decreased colony formation, and increased cell death in Hela cells.'?* This portion of my thesis
expands upon this preliminary work, by combining Tipifarnib, one of the 2 FTIs that is currently
in use for clinical trials, with Adavosertib. | tested the combination of Adavosertib and Tipifarnib

in the cell lines shown in table 3.1.
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Prior to any combination experiments we needed to determine the ICso for the cell lines to

Adavosertib alone. Cells were treated with a range of Adavosertib (125-2000 nM) for 96 hours.

Plates were then fixed using crystal violet and ICso was calculated (Figure 3.8A).

The cell lines tested showed a range of sensitivity to Adavosertib. Hela cells were the most

sensitive, with an ICso of 278 nM. The breast cancer cell lines showed a range of sensitivity, with

MDA-MB-231 being the most sensitive, with an ICso of 237 nM, to T-47D with an ICso of 824 nM.

The 2 non-tumorigenic cell lines, MCF10a and HME-1 had ICso values of 495 nM and 824 nM

respectively.
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Figure 3.8 Cell lines display range of sensitivity to Adavosertib. A) Experimental flow chart.
Cells were treated with 4-25,000 nM Tipifarnib for 96 hours and then fixed with crystal violet
and ICso values determined. B) ICso values shown in the table. % cell survival is shown on the y-
axis, and concentration of Adavosertib (nM) on the x-axis. C) Cells were treated with 97-25,000
nM Tipifarnib for 96 hours and then fixed with crystal violet and ICso values determined. 1Cso
shown in table. N = 3 biological replicates

Once the ICsp was established for each cell line, and the relative sensitivity to Adavosertib and
Tipifarnib mono-treatments was known we investigated the results of combination treatment.
We wished to see the effect of the combination treatment to determine if the combination is
synergistic in any of the cell lines tested. If it is synergistic, this allows for a lower dose of Tipifarnib

and Adavosertib to be used compared to either monotreatment.

Cells were treated with a range of Tipifarnib (0.097-25 uM) and Adavosertib (125-2000 nM)
for 96 hours, and cell viability was determined using the crystal violet viability assay (Figure 3.9A).
From the crystal violet data, percent survival was calculated relative to the solvent control DMSO.
This is shown in the cell viability heatmaps in Figure 3.9B, with the concentration of Adavosertib
(nM) on the y-axis and concentration of Tipifarnib (nM) on the x-axis. Higher percent survival is
shown as darker red, with the darkest being 100% survival. The lighter the colour, the lower the
percentage survival, with white being 0% survival. The table below the heat maps shows the most
synergistic combination for each cell line, and the ICsp the mono-treatment of Tipifarnib and

Adavosertib.

Synergy was determined using Bliss Cl values, where a value <1, is synergistic, with <0.7 being
strongly synergistic. If the value is equal to 1, then the combination is additive and if it is >1.0,

then the combination is antagonistic.'*® The Bliss Cl score for all concentrations tested are shown
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in the heat maps on the right of column of 3.9B. White is antagonistic combinations, grey is

additive. If the combination is synergistic, it is teal and if it is strongly synergistic then it is purple.

All cell lines tested showed a range of response, with varying degrees of synergy. MCF 10a
had a Bliss Cl of 1.01 (Figure 3.9B), meaning the combination of Tipifarnib and Adavosertib is
essentially additive. The combination was synergistic in the remaining 8 cell lines tested. MCF-7
had a Bliss Cl of 0.96, while it is synergistic, similar to MCF 10a, it is barely so and is closer to being
additive. Hela (Bliss CI=0.72) MDA-MB-231 (Bliss CI=0.90), MDA-MB-468 (Bliss C|=0.81), SK-BR-3
(Bliss CI=0.8), HME-1 (Bliss Cl=0.74) were all synergistic combinations (Figure 3.9B). Hela and
HME-1 were both near strong synergy, with Bliss Cl of 0.72 and 0.74 respectively. BT-474 (Bliss
Cl=0.68) and T-47D (Bliss Cl=0.46) were both strongly synergistic (Figure 3.9B), with T-47D being

the cell line in which the strongest synergy was observed.

The synergistic effect of Tipifarnib and Adavosertib does not appear to correlate with the
breast cancer subtype that the cell lines make up. MCF-7 and T-47D are both Luminal A (ER+,
PR+, HER2-) cell lines, however MCF-7 is weakly synergistic, with a Bliss Cl value of 0.96, while T-
47D was the cell line that had the most synergistic combination, with a Bliss Cl value of 0.46
(Figure 3.9C). To achieve 50% cell death with Tipifarnib or Adavosertib monotreatment in T-47D,
it required 6250 nM Tipifarnib or 1000 nM Adavosertib. While the combination treatment
required just 97 nM and 500 nM of Tipifarnib and Adavosertib respectively, to result in 50% cell
death and the most synergistic combination was 97 nM Tipifarnib and 125 nM Adavosertib. This

is much lower than either mono-treatment alone. T-47D was one of the most resistant cell lines
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to Tipifarnib, and this combination treatment resulted in a 31-fold decrease in the concentration

of Tipifarnib required.

BT-474 was the cell line most resistant to Tipifarnib with an ICso of 5664 nM; when treated
with the combination treatment, it was strongly synergistic (Bliss Cl=0.68, Figure 3.9B).
Additionally, the concentration at which it was most synergistic was 195 nM Tipifarnib and 250
nM Adavosertib, which is an almost 30-fold decrease in the concentration of Tipifarnib required
relative to the ICso. The effectiveness of the Tipifarnib Adavosertib combination treatment in both
BT-474 and T-47D, resulting in much lower concentrations of Tipifarnib, and Adavosertib to a
lesser extent, emphasizes the benefits of exploiting synergy, cells that might survive either drug
alone, are killed at much lower doses when these drugs are used in combination. Based of this
data, the combination of Tipifarnib and Adavosertib is synergistic to varying degrees depending
on the cell line tested and this does not appear to be molecular subtype specific. However, if it
can be elucidated which cell lines will be more responsive to this therapy, it could indicate

eventually which patients in the clinic could benefit from the combination.
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Figure 3.9 Tipifarnib and Adavosertib combination treatment is synergistic to varying degrees
in different cell lines A) Experimental flow chart. Cells were seeded and treated with range of
Tipifarnib and Adavosertib for 96 hours. Plates were fixed with crystal violet and percent
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survival calculated. B) Left column, Cell viability heat maps are shown with concentration of
Adavosertib (nM) on the y-axis and concentration of Tipifarnib (nM) on the x-axis. Colour bars
indicate percentage survival normalized to untreated cells. Arrow is the concentration at which
50% cell survival occurred for each drug alone. The black box is 50% cell survival of combination
treatment and the yellow box is the combination that resulted in the most synergistic combo.
Right column, Bliss score map of all concentrations. Antagonistic= white, additive= grey,
synergistic=teal, strongly synergistic= purple. Most synergistic combination shown with yellow
box. Values shown were the mean of n=3. C) Bliss combination indices (Cls) at indicated drug
concentrations were calculated. A Bliss Cl of less than 1 indicates synergy, a Cl of less than 0.7
strong synergy, and a Cl of greater than 1 antagonism. The most synergistic combination
Tipifarnib and Adavosertib and the mono-treatment ICsp are shown. Synergy was calculated
from mean of n = 3.

Tipifarnib and Adavosertib result in mitotic arrest through differing mechanisms.
Adavosertib results in premature entry into mitosis and prolonged mitotic duration due to the
inhibition of Wee1,%1° while FTI treatment both in the literature (L744832, FTI-277) and my own
results (Figure 3.1) causes a prolonged mitotic arrest due to loss of Spindly mediated
dynein/dynactin KT localization.***3 Tipifarnib treatment inhibits Spindly farnesylation, therefore
if Spindly has already been farnesylated prior to Tipifarnib treatment, the mitosis will proceed as
normal without a prometaphase arrest. As Adavosertib treatment results in premature entry to
mitosis and has been shown to cause this mitotic entry only a few hours following treatment,
Spindly could be farnesylated and thus the effects of Tipifarnib will not be seen. We wished to
investigate whether the order in which Tipifarnib and Adavosertib treatment occurs alters the

synergy observed.

The order of addition experiments was tested in a subset of cell lines. HeLa, MDA-MB-
231, MDA-MB-468 and BT-474 were selected for the following reasons: Hela which were used

for the previous Tipifarnib characterization, MDA-MB-231 and MDA-MB-468 which both have
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moderate sensitivity to Tipifarnib treatment alone. Finally, BT-474 was selected as it was the most

resistant to Tipifarnib, with an ICso of 5664 nM and was a strongly synergistic combination.

Cells were seeded and then after 24 hours treated with one of three conditions.
Simultaneous addition was the same as seen in Figure 3.9, where both Tipifarnib and Adavosertib
were added together. Tipifarnib first, the cells were first treated with Tipifarnib, and then 24
hours following this treatment Adavosertib was added. Adavosertib first, cells were treated with
Adavosertib, and then 24 hours later they were treated with Tipifarnib (Figure 3.10A). The 24-
hour delay between the 2 staggered additions was selected as when these experiments were
initiated the shortest time that FTl treatment was known to result in loss of Spindly KT localization
was 24 hours. All plates were treated for a total of 96 hours from the time when the first drug
was added (or both in the case of the simultaneous addition), and then the crystal violet viability
assay was performed. Percent survival was calculated relative to the solvent control, DMSO, and
this is shown in the cell viability heat maps in Figure 3.10B. The cell viability heat maps are the
same as seen in Figure 3.9B, where the concentration of Adavosertib (nM) is on the y-axis and
concentration of Tipifarnib (nM) on the x-axis. The higher percent cell survival is shown as darker
red, with the darkest being 100% survival. While the lighter the colour, the lower the percentage
cell survival, with white being 0% survival. Synergy was determined using Bliss Cl values, where a
value <1, is synergistic, with <0.7 being strongly synergistic. If the value is equal to 1, then the

combination is additive and if it is >1.0, then the combination is antagonistic.'*®

For Hela cells, when the two drugs are added simultaneously or Tipifarnib first, the same

concentrations of Tipifarnib and Adavosertib alone result in 50% cell survival (black arrows, Figure
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3.10B). Additionally, the same combination is the most synergistic, 97 nM Tipifarnib and 125 nM
Adavosertib, but the Bliss Cl scores are different, with simultaneous addition being slightly more
synergistic with a Bliss score of 0.72 vs. 0.78 for Tipifarnib first. When Adavosertib is added first,
a much higher concentration of Tipifarnib alone is required for 50% cell survival, 3125 nM
compared to the 390 nM for Tipifarnib first, an 8-fold increase. It also requires a lower
concentration of Adavosertib, 250 nM instead of 500 nM. The combination of 97 nM Tipifarnib

and 125 nM Adavosertib is less synergistic with a Bliss Cl of 0.92 (Figure 3.10C).

Similar to Hela cells, when the 2 drugs are added simultaneously or Tipifarnib first in
MDA-MB-231 cells, the same concentrations result in 50% survival as monotreatment’s, 500 nM
Adavosertib and 3125 nM Tipifarnib (Figure 3.10B). Adavosertib first, required a lower
concentration of Adavosertib, 250 nM but again a higher concentration of Tipifarnib, 6250 nM
(Figure 3.10B). When looking at the most synergistic combination in the simultaneous addition-
97nM Tipifarnib and 250 nM Adavosertib in Tipifarnib first was slightly more synergistic with a
Bliss Cl of 0.89 compared to the simultaneous addition Bliss Cl of 0.90. As these values are so
close it appears that in MDA-MB-231 cells, either simultaneous addition or Tipifarnib first seem
to have the same result, with an equally synergistic combination. When Adavosertib was added
first, the combination that was equally synergistic in both simultaneous and Tipifarnib first is now

an antagonistic combination, with a Bliss Cl of 1.07.

The above trend seen in HeLa and MDA-MB-231 cells is also seen in MDA-MB-468 cells.
The concentration of either treatment alone that results in 50% cell survival are identical in the

simultaneous addition and Tipifarnib first, 1000 nM Adavosertib, 3125 nM Tipifarnib. And that
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when treating with Adavosertib first, a lower concentration of Adavosertib, 500 nM and a higher
concentration of Tipifarnib, 12500 nM is required (Figure 3.10B). When looking at the most
synergistic combination when treated with Tipifarnib and Adavosertib simultaneously was the
most synergistic at 195 nM Tipifarnib and 500 nM Adavosertib with a Bliss Cl of 0.81, and both

Tipifarnib first and Adavosertib first are less synergistic, with Bliss Cl of 0.88 and 0.94 respectively.

BT-474 again follows the same trend, where both simultaneous and Tipifarnib first have
identical concentrations for either compound alone to result in 50% cell survival, with 1000 nM
Adavosertib, and 12500 nM Tipifarnib. When treated with Adavosertib first, again the same is
seen where a lower concentration of Adavosertib is required for 50% cell survival, 500 nM, and
25000 nM Tipifarnib is required (Figure 3.10B). The combination that is the most synergistic in
the simultaneous treatment was 195 nM Tipifarnib and 125 nM Adavosertib, with a Bliss Cl of
0.68. When treated with Tipifarnib first, this combination is now antagonistic, and when treated
with Adavosertib first, there is very little cell killing at this combination of Tipifarnib and

Adavosertib (195 nM Tipifarnib and 125 nM Adavosertib) (Figure 3.10B&C).

When comparing simultaneous addition to Tipifarnib first, in the 4 cell lines tested, the
same concentration is required to result in 50% cell survival from either compound alone, and in
Hela, MDA-MB-231, MDA-MB-468 but not BT-474 cells they result in similar synergistic values.
The antagonistic relationship in BT-474 cells may be due to the long doubling time. It is possible
that the BT-474 cells did not have a large percentage entering mitosis prior to Adavosertib
treatment, and that the premature mitotic entry due to Adavosertib treatment is needed for this

combination to be synergistic. While when the cell lines were treated with Adavosertib first, it
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resulted in a lower concentration of Adavosertib for 50% cell survival but a higher concentration

of Tipifarnib being required. Additionally, in all cell lines treated with Adavosertib first, there is a

lower percent cell survival compared to Tipifarnib first. It is possible that the increased cell killing

observed was due to Adavosertib and not the combination treatment. Altering the order of the

addition did not make the combination more synergistic, in all cases it made it less synergistic, or

antagonistic in some cases. Based on this we did not proceed further with these experiments as

staggering the addition did not greatly increase synergy.
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Figure 3.10 Order of Addition. A) Experimental flow chart. Cells were seeded and treated with
either Simultaneous, Tipifarnib first or Adavosertib first for 96 hours. Plates were fixed with
crystal violet and percent survival calculated. B) Cell viability heat maps are shown with
concentration of Adavosertib (nM) on the y-axis and concentration of Tipifarnib (nM) on the x-

axis.

Color bars indicate percentage survival normalized to untreated cells. Arrow is the

concentration at which 50% cell survival occurred. The black box is 50% cell survival of
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combination treatment Mean of n=3 is shown. C) Bliss combination indices (Cls) at indicated
drug concentrations were calculated. A Bliss Cl of less than 1 indicates synergy, a Cl of less than
0.7 strong synergy, and a Cl of greater than 1 antagonism. The most synergistic combination
Tipifarnib and Adavosertib and the mono-treatment ICso are shown. Synergy was calculated
from mean of n = 3.

3.3 Tipifarnib resistant cells

As the levels of Spindly and FNTB did not correspond to Tipifarnib sensitivity or resistance we
wanted to investigate how cells might acquire resistance to Tipifarnib. HeLa pAAVS1-P-CAG-
mCherry-H2B cells were treated with 1uM and 2uM Tipifarnib for 3 months. 1uM and 2uM
Tipifarnib was selected based on the ICso of the parental cell line, which is 1459 nM. Initially the
majority of cells died, however after a few weeks the surviving population took over, generating
the resistant cells. These surviving Tipifarnib resistant cells were used for the following
experiments. The parental cell line is labelled as parental, and the 1uM and 2uM resistant cells

as 1uM Tipif and 2uM Tipi® respectively.

Prior to any experiments being completed, we verified that the resistant cells had a higher
ICsorelative to the parental cell line. Cells were treated with a 0.097-25 uM Tipifarnib for 72 hours
and then fixed with crystal violet. Percent survival relative to the control (DMSO) was calculated

and from this ICso was determined (Figure 3.11A).

As shown in figure 3.11B the resistant cells have increased 1Cso values, with 1uM Tipi® having
an ICspof 2136 nM and 2uM Tipi® having an 1Cso of 4752 nM. This is a 1.46- and 3.3-fold increase
respectively relative to the parental cell line. The parental cell line has a different 1Cso compared
to the Hela used in the previous experiments. This is due to the selection that was required for

the generation of the HeLa pAAVS1-P-CAG-mCherry-H2B. The cells were transfected and then
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underwent puromycin selection to kill any cells that were not positive. Following this selection,

single colonies were grown and selected, and 6 colonies were mixed to form the parental

population of cells. This higher ICso in these cells is most likely due to the cells that formed this

parental population having a higher resistance to Tipifarnib compared to the heterogenous

population of Hela cells used in the previous experiments.
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Figure 3.11 Tipifarnib resistant cells have increased resistance to Tipifarnib. A)
Experimental flow chart. Cells were seeded, treated with range of Tipifarnib (97-25,000 nM)
for 72 hours. Plates were fixed with crystal violet and percent survival calculated. B) Percent
cell survival y-axis, concentration of Tipifarnib (nM) on the X-Axis. ICso in nM shown in table. N
= 6 per replicate, 3 biological replicates

Once the resistance had been confirmed, we investigated the protein levels of Spindly and
FNTB to determine if this is resistance was due to upregulation of either of these proteins. In
Figure 3.7 Spindly and FNTB levels were examined only in mitotic cells, as Spindly is a mitotic
protein. For the following experiment we compared interphase and mitotic extracts, as Spindly
protein levels oscillate during the cell cycle and peak in mitosis.3’ Since these cells are acquiring
resistance through unknown mechanisms we wanted to determine if the increase in Spindly
protein levels from interphase to mitosis occurs in the resistant cells. In order to enrich for mitotic
cells, cells were treated with nocodazole for 16 hours, which resulted in mitotic arrest due to

microtubule depolymerization and mitotic checkpoint activation. The mitotic cells were collected
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from these dishes via mitotic shake off, to ensure that any cells that remained in interphase were
not collected as they were attached to the plate. The interphase extracts were collected from an
asynchronous dish where the mitotic cells were removed prior to collection by mitotic shake off

(Figure 3.12A). These extracts were then blotted for Spindly and FNTB.

As shown in Figure 3.12, in the parental cell line, the mitotic cells have 2.7 times the
interphase levels of Spindly, consistent with what is known in the literature.3” Both the 1uM Tipi®
and 2uM Tipi® have increased mitotic Spindly levels, with a 1.4 and 1.7 fold increase respectively
relative to parental mitotic Spindly. However, while there is this increase in mitotic Spindly, there
is a larger fold increase of Spindly protein levels in interphase. 1uM Tipi® and 2uM Tipi® have a
3.2- and 4.1-fold increase respectively of interphase Spindly protein expression compared to
parental. This results in almost identical levels of Spindly in interphase and mitosis in the resistant
cells. 1uM Tipi® only has a 1.2-fold increase, and 2uM Tipif has only a 1.1-fold increase relative to
interphase protein levels (Figure 3.12B). This indicates that Spindly levels are no longer oscillating
with the cell cycle and peaking in mitosis, but rather in these resistant cells appears to be at a
higher consistent basal level with only a small increase in mitosis compared to the parental cells.
In the parental cell line, there is not a large difference in the expression of FNTB in interphase or
mitotic cells, with 1.0 and 1.4 respectively (Figure 3.12B), as FNTB is expressed throughout the
cell cycle and farnesylates its substrates. Mitotic FNTB does appear to have a post translational
modification, which results in the shift that is seen in all of the mitotic lanes (Figure 3.12B). The
resistant cell lines have increased protein levels of FNTB, the 1uM Tipi® and 2uM Tipi® have a 2.3-
and 2.6-fold increase in interphase FNTB respectively relative to the parental cell line. The same

is seen with increased levels of mitotic FNTB in the 2 resistant cell lines.
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In addition to looking at the change in Spindly and FNTB levels in interphase and mitosis,
| also wanted to determine if the Spindly to FNTB ratio, is altered in the resistant cells, since
Spindly and FNTB work in conjunction. In the interphase cells, the 1uM Tipi® Spindly:FNTB ratio
is 1.4 and 2uM Tipi® is 1.6, compared to 1.0 in the parental cells. In the mitotic cells, the 1uM
Tipi® and 2uM Tipi® have decreased Spindly:FNTB ratios, of 1.2 and 1.7 respectively compared to
1.9 in the parental cells. This means that there is less Spindly relative to the amount of FNTB. This
could account for the resistance, as more FNTB protein being present, results in more

farnesyltransferase that needs to be inhibited to prevent Spindly farnesylation.

The resistant cell lines show increased Spindly and FNTB protein expression relative to
the parental, which could be what accounts for the increased resistance to Tipifarnib. Unlike what
was seen in Figure 3.7, where Spindly and FNTB expression did not correspond to resistance; it
appears that in the cells that resistance was generated, increased Tipifarnib resistance resulted

in increased Spindly and FNTB protein levels.
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Figure 3.12. Spindly and FNTB protein levels increased in the resistant cell lines. A)
Experimental flow chart. Mitotic extracts treated with 200 ng/uL nocodazole for 16 hours,
mitotic cells collected by mitotic shake-off and prepared for western blot. Interphase extracts
had mitotic cells removed via mitotic shake-off and remaining attached interphase cells
collected and processed for western blot. B) Tipifarnib resistant cell lysate analyzed by
immunoblot for total levels of Spindly, FNTB and Tubulin in Interphase (I) and Mitotic (M)
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extracts. Average quantification normalized to Tubulin is shown below each blot for Spindly
and FNTB. C) Ratio of Spindly and FNTB in resistant cell lines, Interphase and mitotic levels
normalized to their respective parental level. Top table, levels of Spindly and FNTB normalized
to the parental interphase and mitosis respectively. Bottom table, Spindly:FNTB and
FNTB:Spindly ratios normalized to parental interphase. N =2

As there is increased Spindly and FNTB protein levels in the resistant cells, we theorized
that this could result in increased Spindly kinetochore localization, as the mechanism through
which the cells are resistant to Tipifarnib. To test this, immunofluorescence experiments were
carried out examining Spindly kinetochore localization in the parental, 1uM Tipi® and 2uM Tipi®
cell lines. Cells were stained for Spindly or CENP-F and ACA to mark the kinetochore and Spindly
KT localization was examined (Figure 3.13A). The Tipifarnib resistant cell lines do not display
increased Spindly kinetochore localization even though the protein levels are increased (Figure
3.13B). While these resistant cells have higher levels of Spindly and FNTB, this is not resulting in
Spindly KT localization as we first thought based on the results from Figure 3.12. It does not
appear the mechanism of resistance results in increased Spindly KT localization in the presence

of Tipifarnib.
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Figure 3.13 Tipifarnib resistant cells have decreased Spindly KT localization while CENP-F
KT localization is unchanged. A) Experimental flow chart is shown. Cells were stained for either
Spindly and ACA (B) or CENP-F and ACA(C). Maximum projections are shown. Spindly (B) or

CENP-F (C) are green, ACA (Kinetochore) is red and DAPI marking the DNA is blue. Scale bar =
5 um. n = 2 biological replicates, 25 prometaphase cells per replicate.
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To further investigate Spindly KT localization in the resistant cells we treated the cells with
nocodazole or monastrol. We tested these two inhibitors as they inhibit mitosis through different
mechanisms. Nocodazole is a MT poison that inhibits the formation of the mitotic spindle, which
results in maximal mitotic checkpoint activation. While monastrol inhibits Eg5, a kinesin that is
required for spindle pole separation and monastrol treatment results in cells with monopolar
spindles thus activating the mitotic checkpoint. By testing these two inhibitors we can determine
if there is a difference in Spindly KT localization depending on how the checkpoint is activated.
Following nocodazole or monastrol treatment, the cells were fixed and stained for either Spindly

and ACA or CENP-F and ACA and then imaged (Figure 3.14A).

Consistent with what was seen in Figure 3.13B., upon checkpoint activation, Spindly KT
localization was still decreased in the resistant cell lines compared to parental (Figure 3.14B). And
again, consistent with Figure 3.13C, CENP-F KT localization is unaffected in these resistant cells
(Figure 3.14C). This confirms what we observed in Figure 3.13, that even with the activated
mitotic checkpoint, Spindly KT localization is still inhibited by Tipifarnib in these resistant cells.
So, the mechanism through which these cells have developed resistance is not through persistent

Spindly kinetochore localization.
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E CENP-F/ACA  CENP-F/ACA/DAPI

Figure 3.14 Tipifarnib resistant cells have decreased Spindly KT localization while CENP-F
KT localization is unchanged with nocodazole or monastrol treatment. A) Experimental flow
chart is shown. Cells were treated with 200 ng/mL nocodazole (B, D) or monastrol (C, E) for 30

minutes and then stained for either Spindly and ACA (B, D) or CENP-F and ACA (C, E). Maximum
projections are shown. Spindly (B) or CENP-F (C) are green, ACA (kinetochore) is red and DAPI
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marking the DNA is blue. Scale bar =5 um. n = 2 biological replicates, 25 prometaphase cells
per replicate.

As we determined that the resistant cells do not have Spindly KT localization, we wished
to investigate what percentage of cells are in mitosis in an asynchronous population. The
prometaphase arrest due to lack of Spindly KT localization should result in an increased
percentage of mitotic cells in the resistant cells. Additionally, to compare the resistance that was
generated over the 3-month selection and what effect the same concentration of Tipifarnib have
on parental cells, the parental cells were treated with 1uM and 2uM for 24 hours prior to fixation.
These cells were then stained for pS28 H3, which is a marker of mitotic cells (Figure 3.15A). From

these images, the percentage of cells in mitosis was calculated.

Representative images are shown in Figure 3.15B, where mitotic cells are marked by pS28
H3 staining. The total number of pS28 H3 positive cells was counted and percent mitotic cells was
determined. Parental cells when treated with Tipifarnib resulted in a non-significant increase in
the percent of mitotic cells to 4.1% and 6.1% for 1 uM and 2 uM respectively. The parental
treated with 1 uM Tipifarnib results in a lower percent mitotic cells compared to the 1uM Tipi®R
cells, with 4.1% vs. 5.3% respectively. While the parental cells treated with 2 uM had 6.1% mitotic
cells and 2uM Tipi® was 5.8%. (Figure 3.15C). The percentage of mitotic cells was comparable
between the resistant cell lines and the parental cells treated with the same concentration of

Tipifarnib.

As FTI treatment is known to result in prometaphase arrest,***3 | wanted to determine if

the increased percentage of mitotic cells upon Tipifarnib treatment of parental cells and the

119



resistant cell lines is due to a prometaphase arrest. To determine if this is true, the mitotic cells
were classified as either prophase, prometaphase, metaphase, or anaphase/telophase based of
the chromosome morphology. The parental cells treated with Tipifarnib, resulted in an increase
in the percentage of cells in prometaphase from 31.5% (parental + DMSO) to 47.4% (parental +
1 uM) and 63% (parental + 2 uM) (Figure 3.15D). After the chromosomes have properly
congressed and the cell has proceeded to metaphase, the cell cycle appears to continue per

usual.

The 1uM Tipi® and 2uM Tipi® cell lines have the expected higher percentage of
prometaphase cells, with 47.6% and 56.9% respectively (Figure 3.15D), which is 1.5- and 1.8-fold
increase compared to the parental cell line. When comparing the parental + 1 uM Tipifarnib to
1uM Tipi® they had almost identical percentages of prometaphase cells, with 47.4% and 47.6%
(Figure 3.15D). Parental + 2 uM Tipifarnib had a higher percentage of prometaphase cells
compared to the 2uM Tipi®, with 63% vs 56.9% (Figure 3.15D). It appears at this 24-hour
treatment, the prometaphase arrest seen in the parental cells when treated with 2 uM Tipifarnib
results in a longer prometaphase arrest compared to the cells that have developed resistance.
While the resistant cells do display a prometaphase arrest, there is the potential that it is a
shorter prometaphase arrest compared to the parental cell line. This could account for the cell

survival and resistance to Tipifarnib.
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Prophase | Prometaphase | Metaphase | Anaphase/Telophase
Parental + DMSO| 11.6 31.5 51.3 5.6
Parental + 1uM 8.9 47.4 40.9 2.8
Parental + 2uM 5.7 63.0 28.6 2.7
1uM-R 9.1 47.6 39.1 4.2
2uM-R 5.8 56.9 35.7 1.6

Figure 3.15 Tipifarnib resistant cells show an increase in percentage of mitotic cells. A)
Experimental flow chart. Parental cells were treated with 1 uM or 2 uM Tipifarnib or equal
volume solvent control (DMSQ) for 24 hours, then treated parental cells, and untreated 1uM
Tipi® and 2uM Tipi® cells were fixed and stained for pS28 H3. B) Representative images of pS28
H3 positive cells. C) Percentage of mitotic cells mean on top of SEM bar, ns = not significant. D)
Mean percentage of cells in each phase of mitosis. n in center of donut plot is the total number
of mitotic cells examined. Blue= prophase, yellow= prometaphase, purple= metaphase,
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orange= anaphase/telophase. Table below shows the percentage. Scale bar = 10 um; n = 3,
>500 cells per replicate

As expected, Figure 3.15 showed an increase in the percentage of mitotic cells in the
resistant cell lines compared to the parental cells, with a prometaphase arrest. To further
investigate this we did high content imaging to determine how mitotic duration and cell fate are
altered in these resistant cells. The parental, 1uM Tipi® and 2uM Tipi® were seeded, and then
treated with 0.39-6.25 uM, then imaged every 10 minutes for 72 hours (Figure 3.16A). From this
imaging data, mitotic duration and cell fate were determined. Mitotic duration was measured
from the first observation of condensed prophase chromosomes to first observation of anaphase.
The cell fate phenotypes were classified as: 1) normal mitosis — mitosis duration was counted
from the first observation of condensed prophase chromosomes to first observation of anaphase;
2) death in mitosis — mitotic duration was counted from prophase to first observation of
apoptotic bodies without mitotic exit; 3) Death in interphase — defined as observation of
apoptotic bodies during interphase. From this we were then able to calculate the duration of
mitosis of each cell and see what effects Tipifarnib treatment has on mitotic duration and cell

fate.

Tipifarnib treatment resulted in increased mitotic duration in all cell lines tested, the
parental and both resistant cell lines. However, the extent to which it increased the mitotic
duration is different depending on the cell line. The parental cells had a significant increase
(p<0.0001, 2-way ANOVA) in all concentrations of Tipifarnib tested (0.39, 0.78, 1.5, 3.1, 6.2 uM)

(Figure 3.16 B&C). There was an increase in mitotic duration from 40 minutes when treated with
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the control, to 110 minutes when treated with 0.39 uM. The median mitotic duration for 0.39,
0.78, 1.5 and 3.1 uM Tipifarnib are all in the range of 110-130 minutes. Only the highest
concentration tested, 6.2 UM resulted in a median mitotic duration of 210 minutes (Figure 3.16

B&C).

Both resistant cell lines had varying levels of significant increase in mitotic duration.
Neither 1uM Tipi® nor 2uM Tipi® showed a significant increase in mitotic duration when treated
with 0.39 uM Tipifarnib. The remaining concentrations tested in the 1uM Tipi®R resulted in
significant increase, with 0.78 uM increasing median mitotic duration to 130 minutes (p<0.001,
2-way ANOVA), 1.5 uM having median mitotic duration of 100 minutes (p<0.01, 2-way ANOVA).
Both 3.1 and 6.2 uM in the 1uM Tipi® cells resulted in significant increases of to 170 and 400
minutes respectively (p<0.0001, 2-way ANOVA). The 2uM Tipi®, 0.78 uM Tipifarnib only resulted
in a small increase in median mitotic duration from 70 to 100 minutes (p<0.05, 2-way ANVOA).
Both 1.5 and 3.1 uM Tipifarnib resulted in increased median mitotic duration to 110 and 120
minutes, respectively (p<0.05, 2-way ANOVA). Only the highest concentration tested 6.2 uM
resulted in increased median mitotic duration to >120 minutes, increasing it to 280 minutes

(p<0.0001, 2-way ANOVA) (Figure 3.16 B&C).

Comparing the parental to resistant cell lines, at lower concentrations of Tipifarnib, the
resistant cell lines are affected to a lesser extent than the parental. Only at the highest
concentration tested, 6.2 uM, was the change in mitotic duration equally significant (p<0.0001,

2-way ANOVA) in all 3 cell lines. As one would expect, the resistant cell lines have less significant
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increases in the mitotic duration, with 1uM Tipi® having more significant increases than 2uM Tipi®

at lower concentrations.

Figure 3.16D, shows an enlarged Figure 3.16B, and in 3.16E, the significance compared to
parental DMSO is shown. Both 1uM Tipi® and 2uM Tipi® have no significant increase in mitotic
duration when treated with DMSO compared to parental. Every concentration other than 1uM
Tipi® treated with 0.39 uM Tipifarnib resulted in a significant (p<0.0001, one-way ANOVA)

increase in mitotic duration.
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Figure 3.16 Tipifarnib resistant cells have altered mitotic timing. A) Experimental flow
chart. HeLa pAAVS1-P-CAG-mCherry-H2B were treated with 0.097-12.5 uM Tipifarnib and then
imaged every 10 minutes for 72 hours. Mitotic duration was calculated from chromosome
condensation to anaphase. B) 16 initial cells were tracked, with the mitotic duration shown. 2
separate replicates are shown. C) Statistical significance was determined by Two-way ANOVA
and Dunnets comparisons test. Asterisk (*) corresponds to significance between parental
DMSO and indicated treatments (* p<0.05, **p < 0.01, ***p<0.001 and ****p < 0.0001), D)
Graph from B enlarged, with upper portion removed. E) Statistical significance was determined by
One-way ANOVA and Tukey’s comparisons test. Asterisk (*) corresponds to significance
between each individual cell line DMSO and indicated treatments (* p<0.05, **p < 0.01,
**#*¥p<0.001 and ****p < 0.0001). N =16 initial cells, 2 biological replicates.
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From the above experiment, we also determined the cell fate of all cells tracked. The 3
possible outcomes were survival, or that the cell was alive at the end of the 72 hours, death in
mitosis or death in interphase. This cell fate is shown as a percentage in the donut plots, with the
total cells analyzed shown in the center (Figure 3.17). The parental cell line with increasing
concentration of Tipifarnib had increasing percentage of cell death in mitosis, with a small
increase in the cells dying in interphase. When the parental cells were treated with 6.2 uM
Tipifarnib, approximately 50% of the cells died, with 44.1% being in mitosis and only 5% in
interphase (Figure 3.17). This shows that the cell death that we are seeing with Tipifarnib
treatment is due to the mitotic arrest, and it is not the cells exiting mitosis and dying in interphase

due to errors during mitosis.

The 1uM Tipi? cell line had increasing cell death in interphase with the increasing
concentrations of Tipifarnib. It appears these cells are able to deal with the altered mitosis,
successfully exit however any errors or improper segregation may have led to death in
interphase. It is not until 3.1 uM that there is a similar percentage of cells dying in mitosis (20%)
to the parental cell line (Figure 3.17). At 6.2 uM, the majority of the cells are dying in mitosis
(85.2%), so whatever compensatory mechanism the cells are using to be resistant, seems to be
insufficient at this higher concentration as there is a lower percentage of surviving cells relative
to both the parental and 2uM Tipi® cell lines. However, as the 1uM Tipi® cells are dying, there is
a lower number of total cells analyzed, so there is potential that the cells analyzed were ones
that died, while if others were selected then there could potentially be a higher percentage of

surviving cells.
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The 2uM Tipi® cell line does not have a large percentage of cell death until the highest
concentration of 6.2 uM. At 6.2 UM, more cells are dying in mitosis (28%) than interphase (17%)
(Figure 3.17), so even when a higher percentage of cells are dying, it is occurring in mitosis and
not the interphase after. This could be similar to the 1uM Tipi® in that by whatever mechanism
the cells have developed resistance, it is not able to rescue the cells from treatment at this

concentration.

Both of the resistant cell lines take longer to divide than the parental line. This is shown
by looking at the DMSO treated cells, where parental had 422 cells analyzed, compared to 147
for 1uM Tipi® and 184 for 2uM Tipi® (Figure 3.17). However, when treated with 0.39 pM
Tipifarnib, the total number of parental cells analyzed goes down by more than half to 204, while
the resistant cells increase for 1uM Tipi® to 177 and decrease to 147 for 2uM TipiR. The decrease
in the total number of cells analyzed can be explained by the parental cells dying at a greater
rate, with ~10% of cells dying when treated with Tipifarnib compared to 2.6% in the control. Both
resistant cell lines have a similar percentage of cells dying in the DMSO treated control and 0.39
UM (Figure 3.17). In addition to this increased cell death, the prolonged mitotic duration can
make it so that the cells are dividing fewer times compared to the control parental. The resistant
cell lines are also less affected for the total number of cells, as 1uM Tipi® does not have the total
number of cells analyzed halved until treated with 3.1 pM and 2uM Tipi® had more than 100 cells
analyzed until 6.2 uM. While these percentage do provide some insight into the effect of

Tipifarnib treatment on cell fate, they do not show the total picture.
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Parental cell fate (percent)
DMSQO | 0.39uM | 0.78uM | 1.5uM | 3.1uM | 6.2uM
% cells surviving 97.4 90.2 88.6 83.4 73.1 50.8
% cells that died in mitosis 0.7 8.8 9.1 13.1 25.4 44,1
% cells that died in interphase 1.9 1.0 2.3 3.4 1.5 5.1
1uM-R cell fate (percent)
DMSQO | 0.39uM | 0.78uM | 1.5uM | 3.1uM | 6.2uM
% cells surviving 89.8 88.7 75.3 84.0 60.0 7.4
% cells that died in mitosis 4.8 4.0 7.1 8.5 20.0 85.2
% cells that died in interphase 5.4 7.3 17.6 7.4 20.0 7.4
2uM-R cell fate (percent)
DMSO | 0.39uM | 0.78uM | 1.5puM | 3.1puM | 6.2uM
% cells surviving 95.7 94.6 88.0 90.7 90.1 54.7
% cells that died in mitosis 1.1 2.0 7.0 4.7 4.9 28.1
% cells that died in interphase 3.3 3.4 4.9 4.7 4.9 17.2

Figure 3.17 Tipifarnib resistant cells have similar cell fates after Tipifarnib treatment.
TipiR cells were treated with a range of Tipifarnib (6.2-0.39 uM) and imaged for 72 hours. Cell
fate at 72 hours was noted, and then calculated as a percentage of total cells analyzed. Cells
either survived (blue), died in mitosis (yellow) or died in interphase (purple). ninside the donut
plots, is the total cells analyzed per condition. Table shows percentage of each cell fate per
treatment. N = 16 initial cells, 2 biological replicates.

As the donut plots in Figure 3.17 do not show what is occurring at the different time points
the dendrograms in Figure 3.18 based on the Figure 3.16 high content experiment allow this to
be examined. The dendrogram shows how long the mitotic duration is and how long the duration
between mitosis is. Yellow line indicates that the cell is in interphase. Blue line indicates that the
cell is in mitosis. If the yellow or blue line end in a black line, it indicates that the cell died in
interphase or mitosis respectively. While proper mitotic division is shown by a fork, where the
daughter cells are shown, which were then tracked going forward from that point. The x-axis
shows the time in hours, and the Y-axis is the starting cell at frame 1. Figure 3.18A shows a legend
of the different potential outcomes shown in the dendrograms. In this experiment we saw 6
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different potential outcomes: 1. Successful mitosis, resulting in 2 daughter cells; 2. tripolar
division, where the mitotic division resulted in 3 daughter cell; 3. mitotic slippage, where the
chromosomes never segregated and decondense into a single cell; 4. mitotic division resulting in
a binucleated cell; 5. cell death in mitosis; or 6. cell death in interphase. Figure 3.18B shows an

example of each of the above outcomes, with stills from the video that was analyzed.

Comparing the parental (Figure 3.18C-H) to the 1uM Tipi® (Figure 3.18I-N) and 2uM Tipi®
(Figure 3.180-T) cell lines the parental cells divide more often than both resistant cell lines,
indicating that the doubling time in the resistant cells is increased. This increased doubling time
is also shown by the treatment of parental cells with Tipifarnib resulting in a decrease in the total
number of divisions. Parental treated with DMSO (Figure 3.18C) generally divided 4 to5 times in
the 72 hours depending how early in the video the first division occurred; compared to parental
treated with 0.78 uM Tipifarnib (Figure 3.18E), where the cells divided on average of 3 times
total. The prolonged mitotic duration that is seen, results in a decrease in the total number of

cell divisions that occur.

When the parental cells were treated with Tipifarnib, generally there was one or 2
successful divisions within the first 36 hours. After 36 hours, there was either an increase in the
dying or mitosis took much longer (Figure 3.18E&F). At the higher concentrations of Tipifarnib,
this increase in cell death or prolonged mitosis was seen earlier. With 3.1 uM Tipifarnib resulted
in prolonged mitosis after ~24 hours (Figure 3.18G). In contrast, when the parental cells were
treated with 6.2 uM Tipifarnib this prolonged mitosis was occurring within 8 hours (Figure 3.18H).

In addition, the total number of divisions decreased with increasing concentration of Tipifarnib,
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as was shown in the donut plots in Figure 3.17, where less divisions result in less total cells

analyzed.

The resistant cell lines both showed an increased number of abnormal mitosis when
untreated with Tipifarnib. Both 1uM Tipi® and 2uM Tipi® had divisions resulting in binucleated
cells, and tripolar divisions (Figure 3.18 I1&0). However, when parental and Tipifarnib resistant
cells were treated with Tipifarnib, for example 1.5 uM, the parental cells are now having the
abnormal divisions while the resistant cells are having normal bipolar division (Figure 3.18 F,

L&R).

L [
Normal Mitotic division Mitotic Slippage
I |
Tripolar Mitotic division Death in Mitosis
I
I —
Mitotic division resulting Death in Interphase
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3.18 Tipifarnib resistant cells show increased mitotic duration. Parental, 1uM Tipi® 2uM
Tipif cells were treated with a range of Tipifarnib (0.39-6.2 uM) for 72 hours and imaged every
10 minutes. Cell fate dendrograms are shown in C-T. Line graph for individual cells tracked by
time-lapse microscopy is shown. A fork indicates cell division. The X-axis shows time in hours.
Yellow = interphase, blue = mitosis, black = cell death. A) Dendrogram legend, showing the
possible outcomes that are shown in the dendrograms. B) Examples of each cell fate stills from
one of the videos analyzed. C-H, parental cells treated with DMSO (C), 0.39 uM (D), 0.78 uM
(E), 1.5 uM (F), 3.1 uM (G), 6.2 uM (H). I-N, 1uM Tipi® treated with DMSO (1), 0.39 uM (J), 0.78
UM (K), 1.5 uM (L), 3.1 uM (M), 6.2 uM (N). O-T, 2um Tipif treated with DMSO (0), 0.39 uM (P),
0.78 uM (Q), 1.5 uM (R), 3.1 uM (S), 6.2 uM (T).
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CHAPTER 4: Discussion and Conclusions

4.1 Characterization of Tipifarnib

Spindly KT recruitment requires farnesylation in order to interact with the RZZ complex. KT
localized Spindly then recruits dynein/dynactin to the KT allowing for proper chromosome
congression.**** Previously our laboratory and others have shown that FTI treatment
phenocopies Spindly KD, resulting in inhibition of Spindly KT localization and prometaphase
arrest.***3 | have determined the minimum time and Tipifarnib concentration required for loss
of Spindly KT localization to be 12 hours and 97nM. When testing different concentrations of
Tipifarnib (97-1500 nM) at 12 hours, there are still partial (~50% relative to control) Spindly KT
localization and similar residual levels of Spindly at KT with either 97 nM or 1500 nM Tipifarnib
treatment (Figure 3.3 and Figure 3.4). While there is still partial recruitment at 12 hours with
1500 nM, | believe that FTase is fully inhibited because at 96 hours the I1Cso is 416nM (Figure 3.6).
1500 nM is 3 times the 96 hours ICso and cell death was not observed due to the short duration
of the experiment. CENP-F is another outer KT protein that has been shown to require
farnesylation to be recruited to the KT. However, there are conflicting reports in the literature
about the effect of FTI treatment on CENP-F recruitment. One report showed that FTI treatment
impairs CENP-F KT localization,'*® however our laboratory has previously shown that FTI
treatment does not impair CENP-F KT localization,** and in my own experiments Tipifarnib
treatment does not abolish CENP-F KT localization (Figure 3.3, 3.4). Therefore, | believe that

Spindly is the primary target of Tipifarnib in mitosis.
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Currently what is causing this partial Spindly KT recruitment is unknown, however, it is known
that non-farnesylated Spindly is not recruited to the KT#4, and there is mitotic arrest and cell
killing at these concentrations. | propose two potential mechanisms. First | propose that as
farnesylation is a non-reversible post-translational modification, and it is known that Spindly is
not fully degraded following exit from mitosis,?’ this pool of farnesylated Spindly will be able to
bind to the RZZ complex in the next mitosis. The exact amount of the residual pool of Spindly
following mitosis has not be quantified and how this relates to the minimum functional pool of
Spindly required for dynein/dynactin KT recruitment and proper chromosome congression is not

known.

The second possibility that leads to the difference observed between Spindly KT localization
and the observed mitotic arrest and cell killing at longer time points, is if Spindly is farnesylated
in interphase. It is unknown if Spindly requires farnesylation for its role in cell migration, only
Spindly knockdown has been examined.3%*° The only Tipifarnib treatment time point that had
Spindly KT localization quantified was 12 hours. The previous experiment that included 18 and
24 hours were preliminary experiments where localization was determined as either yes or no
visually for the whole cell. As only the 12 hour time point was quantified, if Spindly is farnesylated
in interphase, then this could explain the pool of farnesylated Spindly present at the mitotic KT.
Spindly protein levels peak in mitosis, however there is Spindly protein present at the G1/S
transition in Hela cells,3” with the 12-hour treatment, potentially the interphase pool of Spindly
is farnesylated. However, following Tipifarnib treatment, the Spindly protein that is then
produced in G2 is not farnesylated and this is what results in the partial Spindly KT localization. If

this is true, then the minimum treatment time will need to be adjusted to ensure that both the
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remnant Spindly from the previous mitotic division and any interphase Spindly is also
unfarnesylated, and therefore unable to be recruited to the KT. This would also account for the
mitotic arrest and cell killing seen at 96 hours, as this pool of farnesylated Spindly would by
gradually depleted due to turnover, resulting in the later division having no Spindly KT

localization.

The existence of a residual farnesylated Spindly pool is also supported by the nocodazole KT
localization assay. The treatment with nocodazole results in maximally expanded KTs, where
there will be more RZZ complexes at KTs,*? which can then bind more farnesylated Spindly. Hela
cells treated with 97-1500 nM Tipifarnib and nocodazole 30 minutes prior to fixation, resulted in
Spindly KT localization that was decreased to ~32-23% relative to control depending on which
concentration was examined (Figure 3.4). This reduction is presumably due to the increase in
kinetochore size in the nocodazole treated cells and a finite pool of farnesylated Spindly following
Tipifarnib that is able to localize to the KT via interaction with the RZZ complex. The reduction in
Spindly KT localization when treated with 97 nM Tipifarnib alone is 47% relative to control while
97 nM Tipifarnib + nocodazole is 32%. These experiments were done simultaneously, with the
only difference being if nocodazole was added 30 minutes prior to fixation. This 15% difference
in Spindly KT localization supports our belief that the Spindly KT recruitment seen is due to a

residual pool of farnesylated Spindly.

Both FTI treatment and Spindly knockdown result in a prometaphase arrest. This
prometaphase arrest results in prolonged mitotic duration.* As expected, | found that Tipifarnib

treatment also resulted in increased mitotic duration (Figure 3.5). When treated with 97 nM,
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there was a doubling of the median mitotic duration relative to the solvent control, 80 minutes,
compared to 40 minutes (Figure 3.5). When treated with 1500 nM, there was a median mitotic
duration of 100 minutes (Figure 3.5). While there appears to be comparable levels of Spindly KT
localization (Figure 3.3C), at the higher concentrations of Tipifarnib there is a longer mitotic
duration. We do not know what is causing this difference in mitotic duration while the Spindly KT
localization is comparable between the different Tipifarnib concentrations tested. We wish to
determine if the difference observed in Spindly KT recruitment and mitotic arrest is
mechanistically due to the recruitment of dynein/dynactin to KTs. If the partial recruitment of
Spindly to the KT is sufficient to recruit enough dynein/dynactin to ensure chromosome
congression and mitotic checkpoint silencing, the observed difference in Spindly KT localization
seen with the nocodazole KT localization assay may explain the prolonged mitotic delay. |
propose to examine dynein/dynactin kinetochore recruitment. Is there a comparable level of
dynein/dynactin recruited in the cells treated with 97 nM and 1500 nM, or does the slightly lower
Spindly:ACA ratio result in lower dynein/dynactin recruitment which then results in the
prolonged mitotic duration? If dynein/dynactin recruitment also decreases further in a Tipifarnib
dose dependent manner, that would account for the increased percentage of prometaphase cells
seen with increasing concentrations of Tipifarnib and the increased median mitotic duration.
However, if this is not true, then it is possible that Spindly has other unknown mitotic functions
that will require further investigation. Alternatively, FTIs might be inhibiting other mitotic targets

or functions.

To further understand Spindly farnesylation and the effects of Tipifarnib, understanding

where in the cell cycle Spindly is farnesylated is invaluable. | propose to determine when in the
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cell cycle Spindly is farnesylated by using metabolic labeling with an alkynyl-farnesol and CLICK
chemistry.126 By collecting samples at various time points throughout the cell cycle, this will allow
us to determine when Spindly is farnesylated. It will also answer the previous question of a pool
of farnesylated Spindly in interphase prior to the increased protein levels that peak in mitosis.
This information will also then further inform the minimum treatment time required for
Tipifarnib and to determine if Spindly is degraded following the exit from mitosis as CENP-F is, or

if there is a residual pool that is present in the next cell cycle.

Spindly is farnesylated by FTase, which is comprised of the alpha and beta subunits, that work
in conjunction to farnesylate target proteins.>® Tipifarnib inhibits FTase through binding in the
substrate binding site,®® therefore, if there is more FTase, then more Tipifarnib will be required
to fully inhibit farnesylation. Sensitivity does not appear to correspond to levels of Spindly and
FNTB in all cell lines tested. When examining the ratio of FNTB:Spindly, Spindly protein levels or
FNTB protein levels to Tipifarnib 1Cso, none of these combinations act as a clear indicator for
sensitivity or resistance. There is no clear relationship that can be observed, in some cases, such
as SK-BR-3, it appears that higher Spindly levels generally correspond to higher sensitivity, while
the lower Spindly protein levels correspond to the more resistant cell lines, e.g. BT-474 (Figure
3.7). More investigation will be required to determine what molecular markers serve as

predictors for cell line response to Tipifarnib treatment.

Normally, the non-tumorigenic control is used to show if the treatment has a viable
therapeutic window. In our experiments MCF 10a, one of the 2 non-tumorigenic controls is

extremely sensitive via an unknown mechanism. The other non-tumorigenic control tested, HME-
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1, is very resistant to Tipifarnib. | believe the extreme sensitivity of MCF 10a to Tipifarnib is cell
line specific and not representative of what would happen in a patient, as Tipifarnib has been
shown to have viable therapeutic window in clinical trials. To confirm this, | can test Tipifarnib in
primary patient cell lines, to determine if it is excessively toxic to the non-tumorigenic mammary

epithelial cells or if the extreme Tipifarnib sensitivity is MCF10a specific.

4.2 Tipifarnib & Adavosertib combination treatment

Synergistic combinations allow for lower doses of either treatment then when used alone.'’
This can help minimize side effects, as at the lower concentrations, the goal is to spare the normal
non-cancerous cells. The combination of Tipifarnib and Adavosertib exhibited synergy that was
not specific to particular breast cancer subtype, instead there was varying degrees of synergy,

ranging from strongly synergistic to weakly synergistic.

To further understand the synergistic mechanism that is occurring, | propose to do live cell
imaging of these cells to determine what effects the combination treatment is having at the
different concentrations. Of the cell lines tested, HeLa and MDA-MB-231 have shorter division
times, ~24 hours, so by using these cells to examine mitotic timing | will be able to examine 3-4
divisions per cell. While if | tested BT-474, which has a doubling time of ~60-80 hours then only
one division may be observed. | expect to see prolonged mitotic arrest with increasing
concentration of either Tipifarnib or Adavosertib. Additionally, with increasing Adavosertib there
should be a shorter interphase duration between mitotic divisions, due to Adavosertib mediated
premature mitotic entry. This will allow us to further understand the synergistic mechanism of

combining Tipifarnib and Adavosertib on mitosis.
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In order to determine if staggering the addition of Tipifarnib and Adavosertib would increase
synergy we tested this with a 24-hour delay between the two drugs. We found that altering the
order in which the compounds were added, did not make the combination more synergistic, in
fact it made it less synergistic in all cases. When Adavosertib was added first in all cases, a lower
dose of Adavosertib resulted in 50% cell killing compared to either simultaneous or Tipifarnib
first addition (Figure 3.10). This indicates that Adavosertib is the dominant drug when added first
in the combination treatment. But when they are added simultaneously or with Tipifarnib first it

does not appear to be the dominant drug.

4.3 Tipifarnib Resistant cells

The mechanism through which cancer cells develop resistance is not always known. However,
it is known that the treatment used can apply selective pressures and select for the resistant
population.'?’ This can then lead to relapses in patients. We were able to develop resistant cells
in vitro, through persistent culture with Tipifarnib, similar to what might be seen in the clinic. A
previous example of resistance that our lab had tested, was Mytl overexpression resulting in
Adavosertib resistance.'?® While Adavosertib only inhibits Weel, Myt1 inhibition of Cdk1 is
sufficient to overcome the aberrant Cdk1 activity that occurs following Adavosertib treatment.28
First we investigated if Spindly or FNTB protein levels are increased in the Tipifarnib resistant
cells. While there is an increase in the protein levels (Figure 3.12), this does not result in Spindly
KT localization in the presence of Tipifarnib (Figure 3.13, 3.14). The increase in FNTB protein levels
could result in increased active FTase, which then would require more Tipifarnib in order for its

activity to be fully inhibited and could potentially lead to resistance. However, the increased FNTB
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levels do not result in increased Spindly KT localization (Figure 3.13, 3.14) therefore if the
mechanism of action is FNTB mediated it is not through Spindly farnesylation. The mechanism of
resistance in the Tipifarnib resistant cells is not through rescuing Spindly KT localization in the

presence of Tipifarnib.

The implications is that Tipifarnib might potentially have other targets. There may be other
mitotic proteins that are able to compensate for Spindly function, which is resulting in the survival
in the presence of Tipifarnib. Alternatively, the resistance may be due to dynein/dynactin
recruitment independent of Spindly. The increased mitotic duration of the resistant cell lines
indicates a partial functional rescue. Impairing dynein/dynactin KT recruitment results in
prometaphase arrest,12%13013L132 however resistant cells readily undergo anaphase despite
having a delay (Figure 3.15). If dynein/dynactin is still recruited to KTs but at a reduced level, it
might be through a less efficient mechanism. In order to investigate this, dynein/dynactin KT
localization will be examined in the parental and resistant cells. If there is dynein/dynactin
localization in the resistant cells comparable to the parental cells, this suggests dynein/dynactin
may be recruited through a different adaptor protein, which could be the mechanism of action

through which the Tipifarnib resistant cells survive.

The Tipifarnib resistant cell lines have increased Spindly protein levels relative to parental
(Figure 3.12), however this does not result in increased Spindly KT localization. When treated
with Tipifarnib, as with other FTls, this results in prometaphase arrest.** Parental and Tipifarnib
resistant cells, when treated with the same concentrations of Tipifarnib result in comparable

percentages of prometaphase cells (Figure 3.15). Whatever mechanism through which Tipifarnib
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resistance was developed does not appear to shorten the prometaphase arrest seen when
treating parental cells with either 1 uM or 2 uM Tipifarnib. The prometaphase delay results in
prolonged median mitotic duration (Figure 3.16) and increased cell death with increasing

Tipifarnib concentrations consistent with previous work with other FTls.4443

One of the common mechanisms through which cells develop resistance is through the
expression of multidrug resistance pumps. However, | do not believe this to be the case for the
Tipifarnib resistant cells, because if multidrug resistant pumps were responsible for Tipifarnib
resistance, then Tipifarnib would be actively pumped out from the cell and Spindly would be
farnesylated. Due to the lack of Spindly KT localization | do not believe that multidrug resistant
pumps are the cause of Tipifarnib resistance. Another potential mechanism of resistance is that
there are compensatory mechanisms for chromosome congression. Chromosome congression is
achieved through multiple redundant force generating mechanisms, and it is the balance of
forces that result in alignment of chromosomes at the metaphase plate. Spindly-Dynein/dynactin
is one of these force generating mechanisms. Other mitotic forces might be altered to
compensate for the lack of dynein/dynactin to achieve chromosome congression (Figure 4.1).
The mechanism of compensation does not appear to be perfect, as we still observe a
prometaphase delay however the cells eventually do divide and survive. It is already known that
Spindly-dynein/dynactin counters the polar ejection forces of the chromokinesin hKid,?” and
therefore other balancing mitotic forces may be altered to allow chromosome congression and
thus causing the resistance. The high content analysis of the Tipifarnib resistant cells supports
this notion. When resistant cells were treated with DMSO only, there was an increased number

of abnormal mitotic division, where binucleated cells or tripolar divisions frequently occurred.

158



This suggests that the resistant cell lines are addicted to Tipifarnib and the balance of mitotic
forces required for chromosome congression is disturbed when Tipifarnib is removed resulting
in abnormal division. Potentially these mitotic forces can be manipulated via siRNA knockdown
to examine the effect on Tipifarnib resistant chromosome congression. If the siRNA KD results in
death of the resistant cells, this will suggest that it is a potential synthetic lethality partner.
Further investigation is required to determine if the mechanism of resistance is due to an

alternative mechanism for chromosome congression.

Normal Mitosis Tipifarnib Resistant cells
PEE_, PEF
A —

PF

—_—
??

Figure 4.1 Tipifarnib resistance mechanism. The potential mechanism of resistance. In normal
mitosis, the polar ejection forces (PEF) and dynein/dynactin mediated poleward forced (PF)
are balanced and proper chromosome congression occurs. In the resistant cells the PF are
decreased most likely due to lack of Spindly mediated dynein/dynactin recruitment but there
is another unknown force that compensates resulting in proper chromosome congression.

4.4 Conclusions

Tipifarnib inhibits Spindly KT localization as expected and this inhibition occurs at a much
shorter time period than expected. Previously FTI treatment had not been tested for shorter than
24 hours and we found that 12 hours is sufficient for impaired Spindly KT localization and

prolonged mitotic duration. Neither Spindly nor FNTB protein levels are able to function as a
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marker for Tipifarnib sensitivity. Further investigation is required to determine if there are any

markers to determine who would benefit from treatment with Tipifarnib.

Tipifarnib is synergistic when combined with Adavosertib to varying degrees of synergy. This
does not appear to be breast cancer subtype specific. Further investigation into what acts as
prognostic markers may elucidate who will benefit from this treatment. Now that | have shown
that Tipifarnib and Adavosertib are synergistic combination in vitro, | wish to determine if this
also occurs in vivo. | propose to use a xenograft mouse model to determine if the synergy seen
in vitro also occurs in vivo. In parallel to this, we will be investigating the mechanism of resistance
to better understand this mechanism in vitro. The combination of these two approaches, will
allow us to examine if there are other potential therapeutic targets which then can be examined
in the TGCA database to determine if a potential population of patients may benefit. At this point
we will be able to test appropriate patient samples and examine whether what we have observed

in vitro in cell lines occurs in the patients.

The characterization of the Tipifarnib resistant cell lines is still incomplete and ongoing, with
only minimal investigation having been completed in this thesis. | found that they have increased
Spindly protein expression, however this does not lead to the rescue of Spindly KT localization.
The lack of Spindly KT localization seen in the resistant cells results in a prolonged mitotic
duration, however the increase in mitotic duration when treated with Tipifarnib is a less
significant increase compared to the parental cell line. Further investigation into these resistant

cells will allow us to better understand the resistance mechanisms.
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My research will allow us to better understand Tipifarnib and farnesylation as a cancer
therapeutic target and as an anti-mitotic agent. By further investigating this mechanism we will
be able to better understand how chromosome congression works, and if there is a potential

therapeutic target or synthetic lethal partner that can be targeted in combination with Tipifarnib.
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