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Abstract
A study of novel tools to measure and perturb Aurora Kinase A protein stability
Richard Kangda Wang
From our early classes in biology, we have been taught that proteins are the ‘molecular
machinery’ of the cell, and that they carry out the cellular functions within the cell. At a topdown level, the amount of proteins present within a cell is a balance between its synthesis
and degradation, the dynamic regulation of which is referred to as proteostasis. Altered
proteostasis can be the cause of many diseases such as cancer or neurological diseases.
Therefore, being able to access tools that can study those processes or even actively perturb
the balance to reduce or increase levels of a protein is of great scientific and therapeutic
interest. In the first part of this study, I sought to develop novel ways to study the relative
stability of Aurora Kinase A (AurKA). AurKA is a serine/threonine protein kinase that has well
documented functions in the onset and progression of mitosis by promoting centrosome
maturation and mitotic spindle assembly. The cognate pathway of AurKA degradation is
through the ubiquitin proteasome system (UPS), a series of catalytic steps including the APC/C
E3 ligase, resulting in the ubiquitination and subsequent degradation by the proteasome.
Recently, more work has been done in exploring the non-mitotic roles of AurKA as its
overexpression and mis-regulation has been observed in different cancers. These non-mitotic
roles have often been thought to be kinase-independent and therefore cannot be targeted
by conventional therapy with kinase inhibitors. Therefore, targeting the stability of the
protein could be a better therapeutic strategy, and to this end, the second half of my work
aimed to characterise a novel targeted protein degradation tool for AurKA.
In establishing a tool to monitor AurKA turnover, I utilised tandem fluorescent timer tags
(tFTs) tagged to AurKA. This ratiometric method relies on the fluorescent intensities of two
fluorophores with different maturation rates to provide a readout of the protein’s age and
hence its relative stability. First, I created some MATLAB models that allowed the prediction
of changes in tFT ratios in response to changes in synthesis and degradation parameters, in
order to aid the interpretation of tFT behaviour. I next tested different combinations of tFTs
for AurKA and found that the mRuby-mNeonGreen tag was optimal. After creating stable cell
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lines expressing the AurKA-mRuby-mNeonGreen tFT, I validated their functionality in
reporting protein turnover in live imaging of single cells. The tFTs were successfully able to
report on changes in the relative stability of AurKA through the cell cycle. I showed that tFTs
can also respond to experimentally induced perturbations in AurKA stability. Knocking down
its stabilising interacting partner, TPX2, or knocking down Cdh1, a critical component of
AurKA’s cognate ubiquitin ligase, resulted in decreased and increased relative AurKA stability
respectively, as reported by a decreased or increased tFT ratio (mRuby:mNeonGreen). I also
tested the closely related Aurora Kinase B (AurKB) tFT and found that knocking down or
overexpressing a de-ubiquitinating enzyme, USP35, recently shown to regulate AurKB
turnover, resulted in a decrease and increase of tFT reported stability respectively. Further
characterization experiments additionally demonstrated that tFTs show localised differences
in AurKA-tFT ratio that may indicate differences in stability between the nucleus and
cytoplasm. Importantly, I also demonstrated that analysis of single time-point images of tFTs
was able to report changes in AurKA stability as well as time-lapse experimentation, making
data acquisition and analysis simpler. The development of a tFT for measuring AurKA stability
opens up the possibility of using it as a high-throughput tool to screen for unknown regulators
and interactors of AurKA governing its stability, offering potentially new therapeutic targets.
In the latter half of the work for this PhD, I characterised a novel targeted protein degradation
tool synthesised by AstraZeneca. The novel protein degrader belongs to a new family of
compounds called proteolysis targeting chimeras (PROTACs) and consisted of MLN8237, a
small molecule inhibitor of AurKA, linked to pomalidomide, a chemical ligand for the Cereblon
(CRB) E3 ligase. The PROTAC works by ectopically recruiting AurKA to CRB, resulting in its
ubiquitination and subsequent degradation by the UPS. I showed using live imaging of single
cells, immunoblotting and immunofluorescence, that the PROTAC efficiently and specifically
degrades AurKA. I also reported localisation-dependent effects on AurKA degradation,
revealing that centrosomal AurKA is resistant to PROTAC-mediated depletion. In a similar
vein, I showed that there was enhanced nuclear degradation of wild-type AurKA compared to
cytoplasmic degradation. A more strongly nuclear localised version of AurKA (truncation
mutant Δ67) was degraded better in response to PROTAC than the wild-type. I have found by
immunofluorescence that CRB exhibits nuclear localisation. An interesting avenue for further
characterisation of this PROTAC will be whether the preferential targeting of different
iii

subcellular pools of AurKA arises from the localisation of CRB or of the PROTAC, or of other
parameters. I also investigated the phenotypic outcomes of PROTAC-mediated degradation
compared to AurKA inhibition with MLN8237. Herein I reported that AurKA degradation by
the PROTAC resulted in shorter mitotic spindles without significant mitotic defects. This was
in contrast to severe mitotic defects seen with AurKA inhibition alone, even at very low doses.
It’s believed that this shortening of the spindle phenotype arises from the selective
degradation of AurKA on the spindle. Outside of mitosis, I found that PROTAC treatment was
able to rescue mitochondrial fragmentation induced by stabilization of AurKA in interphase
in Cdh1 knockout cells.
Having a tool in the form of a PROTAC that can rapidly and efficiently degrade AurKA not only
opens up therapeutic avenues, but it is also a powerful experimental tool for further
dissection of AurKA’s roles, both kinase-dependent and non-kinase roles. It is hoped that in
the future, with further development and characterisation of tFT and PROTAC tools, the
importance of AurKA and its regulated stability within and outside of mitosis can be further
understood.
Finally, in bringing the two tools together and showing their functionality, I demonstrated
that the AurKA tFT is able to report the increased turnover of AurKA in response to PROTAC.
This raises the possibility of using ‘stability biosensors’ such as tFTs for drug discovery in the
PROTAC field.
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Chapter 1 Introduction
As my cell biology supervisor once said, the purpose of life is not to gain wealth, travel and
explore the world, or experience great love, it is simply to pass on genetic information. At the
level of the cell, this purpose is achieved through the central dogma of biology. The central
dogma proposed by Crick in 1958 postulates that the flow of information in a cell begins from
DNA, to RNA, and then to proteins. Although this dogma has now been challenged with the
discovery of reserve-transcriptases and prions, the final stop of information transfer remains
to be proteins (Koonin, 2012). Proteins, therefore, as the manifestation of information
encoded in DNA, have the role of carrying out the functions within the cell to ensure that
information is maintained and passed on with fidelity. However, one can argue that proteins
are not the final step of information transfer. Their effector role involves many signalling
pathways that require altering the post-translational modification (PTM) state of downstream
proteins in a highly regulated manner [Fig 1-1].
DNA

RNA

PROTEIN

PTMS
Phosphorylation

Transcription

Translation

Acetylation
Hydroxylation

ReverseTranscription

N/O-Linked Glycosylation
Ubiquitylation

Figure 1-1 The central dogma of biology and flow of information
DNA is transcribed into RNA, which can be reverse transcribed back to DNA. RNA is translated into proteins
which are subject to PTMs and carry out the functions of the cell.

PTMs involve the modification of a specific single or set of amino acid residues within a
protein through the addition of another protein, chemical group, or macromolecule. These
different modifications that can be transient and reversible, or long lasting can alter a
protein’s structure, activity, and interactions with other proteins. With technological
advancements for detecting PTMs, there have been over 400 different PTMs identified so far
(Khoury et al., 2011). This diverse and highly dynamic protein landscape, therefore, can be
viewed as an extensive complex language where the information determining protein
1

function and fate is encoded in the PTMs. Key to utilising this information is the presence of
modular protein domains that are able to recognise specific types of PTMs. These PTMrecognition domains allow for the ‘decoding’ of the code and create a mechanism for coordinating a vast array of signalling networks. The necessity for dynamic and reversible PTMs
allows cells to read and rapidly carry out the appropriate responses to the ever-changing
cellular microenvironment.
Indeed, one of the most important aspects of protein signalling is controlling the temporal
and spatial abundance of proteins within a cell. Historically, up until the 1980s, researchers
mostly believed that protein degradation was only concerned with the removal of misfolded
and damaged proteins but not as a means for playing a role in cell signalling. Instead, it was
believed that most cellular proteins were long-lived, and that cellular pathways and circuits
were mediated primarily through repressors and activators of gene expression. This belief
was enforced partly by the fact that it was difficult to connect specific pathways of
intracellular regulation to the then-known lysosome, one of the two major pathways for
protein degradation. However, the discovery of the ubiquitin PTM and the ubiquitinproteasome-system (UPS) pathway in the mid 1980’s by Hershko and Varshavsky (Hershko et
al., 1983) identified the other, highly precise and efficient mechanism for protein degradation.
This discovery changed the paradigm for the role of protein degradation and has cemented
itself as a key cellular process in controlling the cell cycle, DNA repair, protein synthesis,
transcriptional regulation and stress responses. The importance of maintaining correct
protein levels is demonstrated in the number of pathologies such as cancer and
neurodegenerative diseases which are associated with abnormal protein levels and thus
signalling.

1.1 The ubiquitin-proteasome-system
The UPS is the major mechanism of quickly and selectively degrading proteins within the cell
through PTM modifications. It involves the stepwise formation of ubiquitin conjugates on
target proteins which leads to its recognition and subsequent degradation by the 26S
proteasome, a macromolecular protease. Ubiquitin (UB) itself is a highly conserved 76 amino-
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acid protein of 8 kDa in size and is covalently attached to its substrate through a cascade of
enzymatic steps (Teixeira & Reed, 2013).
1.1.1 E1’s, E2’s, and E3’s
The initial step of the cascade involves the linking of ubiquitin’s C-terminal glycine via a
thioester bond to a ubiquitin-activating enzyme (E1) in an ATP-dependent manner (Haas et
al., 1982). The activated ubiquitin is then transferred to a ubiquitin-conjugating enzyme (E2)
via a thioester bond in the E2 active site (Hershko et al., 1983). From here, the E2-ubiquitin
complex is then brought into close proximity with the substrate by the E3 ubiquitin ligase,
acting as a scaffold to facilitate the transfer of ubiquitin onto the substrate [Fig 1-2]. There
are two major families of E3 ligases, based on their structure, mechanism of ubiquitin
transfer, and the functional class of substrates which they recognise.
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E2

Substrate
E3
UB
UB
UB
UB

UB

E1

E2

Substrate

ATP

UB

ADP + Pi

UB

E1

26S Proteasome

Figure 1-2 Schematic of the UPS cascade
The E1 is charged with a single ubiquitin using ATP. The E1 transfers the ubiquitin onto the E2. The E3 binds
the substrate and facilitates the transfer of ubiquitin onto the substrate. The ubiquitinylated substrate is then
targeted for degradation by the 26S proteasome.

The first family are the homologous to the E6AP carboxyl terminus (HECT) domain E3 ligases.
HECT E3 ligases have an N-terminus that is highly varied and mediates substrate binding,
whilst their C-terminus contains the HECT domain. The bi-lobed HECT domain contains an Nlobe that binds to an E2-ubiquitin conjugate, whilst the C-lobe contains an active site cysteine.
HECT domain E3 ligases work by binding the E2-ubiquitin and substrate, bringing them into
close proximity. The ubiquitin is then transferred from the E2 to the E3 ligase in a trans-
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thioesterification reaction, creating an intermediate step, before addition to the substrate
(Kamadurai et al., 2013). The second family of E3 ligases are the really interesting new gene
(RING) finger E3s. These E3’s contain a RING subunit, consisting of cysteine and histidine
residues co-ordinating a Zn2+ ion, that is involved in binding to the E2-ubiquitin (Lorick et al.,
1999). In contrast to HECT E3s, the RING finger domain does not form an intermediate with
ubiquitin, but instead, acts as a scaffold to bring the E2 and the substrate together. By holding
the E2 in a particular conformation, the E3 places the reactive thioester of the E2 and the
ubiquitin C terminus in the correct orientation for nucleophilic attack, facilitating efficient
substrate ubiquitination (Plechanovová et al., 2012). In addition, it has been shown that E3s
may have some additional allosteric activity on E2s (Ozkan et al., 2005). RING finger domain
E3s can act as monomers, dimers, or oligomers in multi-subunit complexes to increase activity
(Hao et al., 2007) or specificity (Welcker et al., 2013). Dimerization generally occurs through
the RING finger domain or surrounding regions and can result in homodimers or
heterodimers. In the case of heterodimers, one RING domain often lacks ligase activity whilst
the other stabilises the E2-binding ring domain. Multi-subunit RING domains are exemplified
by the cullin RING ligase (CRL) superfamily. All CRLs contain a cullin protein as a central
scaffold. The C-terminal recruits a RING-Box protein, necessitating the interaction with an E2.
The N-terminal portion binds to different adaptor proteins, containing domains that are able
to bind and recruit a specific set of substrates. Well studied CRLs include the Skp1/cullin/Fbox protein (SCF)-related complexes and the anaphase-promoting complex or cyclosome
(APC/C) which are important E3 ligases involved in the regulation of the cell cycle
(Vodermaier, 2004).

1.1.2 Ubiquitin chain types, and specificity
Canonically, ubiquitin is always conjugated to a lysine residue within the substrate, but other
non-canonical ubiquitination sites have been identified (McDowell & Philpott, 2013). As
substrates often contain many lysine residues, a plethora of different ubiquitination events
can occur on a substrate. Not only this, but ubiquitin itself contains 7 lysine residues and an
N-terminal methionine which can be subject to the conjugation of additional ubiquitin. This
allows for linear chains and branches of ubiquitin to be formed, utilising the different lysine
linkages for a variety of topologies. Therefore, substrates can be mono-ubiquitinated,
multimono-ubiquitinated, or poly-ubiquitinated depending on the pattern of ubiquitin it
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receives (Komander & Rape, 2012). This pattern of ubiquitination, as determined by the E2s
and E3s during the enzymatic cascade, acts as a unique code to be read and bound by other
proteins containing ubiquitin binding domains (UBDs). These downstream effectors will then
ultimately determine the fate of the ubiquitinated protein [Fig 1-3].
The most commonly associated ubiquitin linkage associated with 26S proteasomal
degradation is the K-48 linked chain of ubiquitin, first identified in yeast (Chau et al., 1989)
but other chains like K-11 (Matsumoto et al., 2010) have been associated with protein
degradation in the cell cycle. K-29 chains on the other hand have been linked to proteasomal
(Johnson et al., 1995) and lysosomal degradation (Chastagner et al., 2006). Although
degradation is one downstream pathway of ubiquitin, other codes can lead to many different
outcomes. For example, K-63 chains have been reported in the recruitment of DNA repair
machinery to double stranded breaks (B. L. Lee et al., 2017) and endocytic trafficking (Lauwers
et al., 2009).
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Figure 1-3 Roles of ubiquitin in the cell
Different chain topologies of ubiquitin utilising different lysine linkages mark protein substrates for different
fates and functions. Adapted from R&D Systems, Inc.

An important question is how the specificity of ubiquitination occurs, for example, which
substrate is chosen for ubiquitination, which lysines of the substrate are ubiquitinated, and
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which chain of ubiquitin is used. As mentioned earlier, it is the combination of the E2 and E3,
that determines which substrates are ubiquitinated and in what conformation. Some E2s are
capable of binding to numerous E3s and vice-versa, creating different combinations and
therefore creating great functional diversity in the ubiquitin code. Approximately 40 human
E2s have been identified and they generally regulate the processivity and topology of polyubiquitin chains (M. D. Stewart et al., 2016). Often, a couple of different E2s will work with a
division of labour in order to build poly-ubiquitin chains onto a substrate such as the
ubiquitination of Sic1 by the E3 ligase SCFCdc4. An initial rate-limiting priming E2 will monoubiquitinate a bound substrate on a lysine that can be without residue specificity such as in
the case of UBE2D, or with specificity such as UBE2T (Alpi et al., 2008). Once a priming
ubiquitin is done, a second E2 extends the ubiquitin chain with a specific linkage type that is
determined by the E2. The specificity of chain types can be achieved through the recruitment
of additional subunits such as the formation of K-63 chains by UBE2N with the assistance from
an E2-like UBE2V1/2 subunit which positions the K-63 of an incoming acceptor ubiquitin
(Eddins et al., 2006). Additionally, specificity can be determined by the E2 itself through steric
restrictions imposed by the E2’s UBC domain through an acid loop such as with the case of
UBE2K in the formation of K-48 chains (Middleton & Day, 2015). In the case of the HECT
domain E3 ligases, that transfer ubiquitin via an E3-ubiquitin intermediate prior to the
ultimate transfer to substrate, lysine and chain specificity is enforced primarily by the Cterminal lobe of the HECT domain (H. C. Kim & Huibregtse, 2009). In the case of a growing
poly-ubiquitin chain, ubiquitins can be added sequentially on one at a time to the growing
chain of a substrate (Pierce et al., 2009) or en-bloc as a pre-assembled chain on the E2 through
repetitive cycles of E2-ubiquitin attacking another E2-ubiquitin (W. Li et al., 2009). The
processivity of ubiquitination of substrates has important implications such as affecting the
amount of exposure to de-ubiquitinating enzymes (DUBs) and competition with other
ubiquitinated substrates for downstream effects such as the order of degradation (Rape et
al., 2006).
The determination of substrate specificity comes from the E3 ligase, and this is reflected in
the number of the approximately 600 identified E3 ligases encoded by the human genome
(Wei Li et al., 2008). E3 ligases can often recognise substrates directly or recruit adaptor
proteins along with different co-activators that bind to specific substrates (Metzger et al.,
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2014; Sluimer & Distel, 2018). E3 ligases recognise substrates through a short linear motif
referred to as a degron that is often defined by a short consensus sequence such as the D-box
(RxxL) in APC/C substrates. N-degrons also exist where the N-terminal of a protein destined
for degradation is modified to be either arginylated or acetylated for recognition by specific
N-recognin E3 ligases (Varshavsky, 2011). Other non-canonical degrons include entire protein
domains or assemblies (N. Zheng & Shabek, 2017). The ability of E3 ligases to recognise
multiple degrons at once would allow for greater avidity and specificity of substrate binding
(Davey & Morgan, 2016).

1.1.3 Control of the UPS
Because protein degradation is highly dynamic and regulated in signalling networks, there are
multiple layers of control involved in the UPS at all levels. The most common regulatory
mechanism is through phosphorylation of the substrate and the E3 ligase. The requirement
for substrate phosphorylation prior to E3 ligase recognition is exemplified by the discovery
that the cell cycle protein Sic1 needs to be phosphorylated by specific cell cycle-dependent
kinases at the end of the G1 phase prior to its degradation by the SCF E3 ligase (Sakamoto et
al., 2003; Verma et al., 1997). E3 ligase activity is also controlled by phosphorylation and other
modifications such as neddylation. The APC/C’s activity is tightly regulated within the cell
cycle through different mechanisms. Hyperphosphorylation of APC/C subunits Apc1 and Apc3
is required for activity, whilst phosphorylation of its co-activators Cdh1 and Cdc20 has
inhibitory and activating effects respectively (Qiao et al., 2016). This interplay between
phosphorylation and ubiquitination allows for a concerted control of protein degradation
during cellular processes.
Another branch of the UPS that should be briefly touched upon are the DUBs. DUBs are a
super family of isopeptidases that cleave ubiquitin and functionally serve three important
roles. Firstly, they can create free monomers of ubiquitin from the chains of ubiquitin that are
transcribed and translated as a linear fusion consisting of multiple copies of ubiquitin.
Secondly, DUBs act to remove ubiquitin chains from substrate molecules, rescuing them from
degradation. At the proteasome and lysosome, this also acts to prevent ubiquitin degradation
when the protein is being degraded, maintaining ubiquitin homeostasis. Thirdly, DUBs in
conjunction with E3s can edit existing ubiquitin chains, thus changing the fate of the substrate
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protein. Similar to the rest of the USP machinery, DUBs can be substrate specific and linkage
type specific, and are subject to a variety or regulatory mechanisms (Komander et al., 2009).

1.1.4 The proteasome
The final destination of ubiquitinated substrates is the 26S proteasome, which functions as
the main protease in eukaryotes, removing proteins and recycling their amino acids.
Structurally, it is composed of a 20S catalytic core subunit and a 19S regulatory subunit that
gates entry. The core subunit, which is made up of four stacked heptameric rings, can be
likened to a barrel, where the outer two rings create narrow substrate entry channels, and
the two inner rings house the proteolytic active sites responsible for protein cleavage. The
regulatory subunit consists of a lid subcomplex associated with DUBs to remove ubiquitin
chains prior to degradation, a base subcomplex which unfolds and translocate substrates into
the core, and a Rpn10 subunit bridging the lid and the base. The lid consists of six PCI
(proteasome-CSN-initiation factor 3) domain-containing subunits (Rpn3, Rpn5, Rpn6, Rpn7,
Rpn9, Rpn12) as well as two subunits (Rpn8 and Rpn11) with an MPN (Mpr1-Pad1 N-terminal)
domain. The base subcomplex contains three non-ATPase subunits, Rpn1, Rpn2, and Rpn13
and six distinct ATPase subunits (Rpt1–Rpt6), whose AAA+ domains form the ring-shaped
hetero-hexameric motor of the proteasome (Budenholzer et al., 2017). Ubiquitinated
substrates are recruited to the proteasome through the binding of intrinsic or extrinsic
receptors. The intrinsic receptors include Rpn1, Rpn10, and Rpn13, whilst extrinsic receptors
can be utilised to increase the diversity of proteasome substrates [Fig 1-4] (Bard et al., 2018).
Besides ubiquitination, substrates also require an initial unstructured region of around 13150 amino acids in order to fit past the N-ring of the hetero-hexameric motor and engage the
AAA+ core domains to begin unfolding and translocation (Fishbain et al., 2011). For
proteasome substrates that do not contain an intrinsic, flexible initiation region, another
hexameric AAA+ unfoldase, p97 can create an initial handle for processing (Beskow et al.,
2009). Prior to translocation and degradation, proteasome associated DUBs, Rpn11, Uch37,
and Usp14 are able to cleave the ubiquitin chain en-bloc (Yao & Cohen, 2002), or in a stepwise
manner (Lam et al., 1997). The action of the DUBs allows for regulation of degradation and
can allow for the release of substrates. In addition, removal of ubiquitin chains from the
substrate stops them from obstructing the entry of the substrates through the AAA+ domain
into the core, and allows recycling of ubiquitin (M. J. Lee et al., 2011).
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Figure 1-4 The 26S proteasome
A) The structural subunits of the 26S proteasome. A 20S catalytic core and a 19S regulatory subunit make up the
26S subunit. The core consists of two outer β-rings and two inner α-rings, which are made up of seven
structurally similar α and β subunits. The β1, β2 and β5 subunits are associated with caspase-like, trypsin-like
and chymotrypsin-like activities. The regulatory subunit consists of the lid and base which are involved in the
recruitment, deubiquitination, translocation, and unfolding of the substrate. B) The workflow of the 26S
proteasome and the subunits responsible. Adapted from Tanaka, 2009 (K. Tanaka, 2009).

Overall, it is clear that by virtue of regulating the levels of intracellular proteins, the UPS
mediates a great variety of cellular and physiological functions. Indeed, due to the multi-level
regulatory complexity, and substrate specificity afforded by the E3 ligases, it seems that the
UPS is perfectly poised as a therapeutic target and research tool.

1.2 The therapeutic and research potential of the UPS
As highlighted above, proteins are essential components of the cell that carry out many of
the biological processes required for sustaining life. However, problems can arise when
proteins are mis-regulated or mis-folded, resulting in a plethora of diseases. Demonstrating
the importance of the UPS in disease, many cancers arise from problems within the UPS itself.
For example, the E3 ligase, MDM2 that negatively regulates the tumour suppressor p53, is
found to be overexpressed in sarcomas (Oliner et al., 1992) and other human cancers. This
interaction led to the search for and discovery of small molecule inhibitors for MDM2.
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Currently, AMG232, a promising inhibitor of MDM2 (Her et al., 2018) is undergoing clinical
trials for the treatment of glioblastomas.
Similarly, the UPS as the major effector arm of the cell for controlling protein abundance, and
therefore activity in the cell, provides ample opportunities for external intervention for
diseased states. General approaches towards targeting the proteasome have been promising
in the treatment of cancers. Bortezomib, a first in class FDA approved proteasome inhibitor
used in the treatment of multiple myelomas works by increasing the levels of pro-apoptotic
NOXA protein whilst decreasing levels of anti-apoptotic IkB through increased of NF-kB (Chen
et al., 2011).
On the other hand, compounds that increase the activity of E3 ligases or the proteasome
would be beneficial in many pathologies involving the proteotoxic build-up of proteins such
as in Parkinson's disease, Alzheimer's disease, and amyotrophic lateral sclerosis (Leestemaker
et al., 2017). As such, this remains a promising area of research for the UPS, but some steps
have already been taken towards harnessing it for therapeutic benefit. A recent and highprofile example of harnessing the UPS has been the discovery of the binding of thalidomide
and its analogues, lenalidomide and pomalidomide to cereblon (CRB), a co-activator subunit
of the CRL4-DDB1 E3 complex (Ito et al., 2010). This binding was later shown to cause
immunomodulatory effects through the degradation of two lymphoid transcription factors
from the Ikaros family, IKZF1 and IKZF2, thus explaining the mechanism of action in the
treatment of multiple myeloma and leprosy (Krönke et al., 2014). It is believed that their
action works through the ability of lenalidomide to bind and recruit a substrate such as CK1a
to the CRB of the CRL4CRB E3 complex. This puts CK1a into a close and favourable
conformation for the E2-ubiquitin to transfer onto the substrate (Petzold et al., 2016),
demonstrating how the UPS can degrade non-cognate substrates.
Taking this rationale a step further, significant research has been carried out to utilise the UPS
for targeted protein degradation of a broader range of substrates. Not only would this be of
a therapeutic benefit in the case of pathologies involving the mis-regulation of proteins, but
being able to selectively and rapidly degrade a target protein offers key insights into their
biological role and networks that they’re in.
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1.3 Targeted protein degradation
The benefits of utilising the UPS and degrading pathological proteins are apparent but often
in research, the need to remove a protein is an essential step to learning more about its
functions through studying the consequences on biological processes. Historically, genetic
methods have been used to deplete proteins of interest from the cell utilising gene editing
and siRNA by inhibiting their production. Gene editing requires modifying or deleting the
protein at the gene level and is thus a complex and time-consuming procedure despite recent
technological advances such as CRISPR/Cas9. In addition, given the long-term nature of the
gene knockout, cells can develop compensatory mechanisms and alter their physiology that
can cloud the interpretation of the knockout (El-Brolosy & Stainier, 2017). RNAi, since their
discovery in the late 90’s (Fire et al., 1998) have been widely used to study loss-of-function
but they are disadvantaged by their variability and incompleteness of knockdowns and the
potential non-specificity of reagents and off-target effects. Furthermore, platforms must be
carefully considered and designed to allow efficient uptake of siRNA by the cell and such
methods don’t remove already existing proteins which can have long half-lives. Both of these
genetic methods to deplete a cell of its proteins takes time and complex experimental
perturbations, this severely limits their use in looking at the effects of protein loss in dynamic
and transient systems before secondary compensatory effects occur. Therefore, chemical
approaches that can rapidly and selectively degrade proteins via the addition of a compound
to trigger degradation offer an alternative to pre-translation methods.
An example of an inducible degradation system developed for use as a cell biology tool utilises
auxin-mediated degradation of AUX/IAA transcription factors seen in plants. In this system,
auxin binds to TIR1, a plant specific F-box protein for the SCF E3 ligase and promotes its
interaction with AUX/IAA proteins (Dharmasiri et al., 2005). Auxin-induced-degron (AID)
system relies on endogenously tagging the protein of interest with the AID degron, a degron
from IAA17, and exogenously expressing the plant TIR1 so that a chimeric SKP1-CUL1-TIR1 is
expressed in eukaryotes. Upon the addition of auxins, degradation can occur within minutes
and can reduce a protein’s half-life to around 20 mins (Holland et al., 2012). A similar
approach involves introducing hydrophobic tags to HaloTag fusion proteins and utilising
chaperones for E3 ligase-mediated degradation (Neklesa et al., 2011). Although allowing rapid
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and controlled removal of proteins, these systems still require the modification of
endogenous proteins. Overcoming the need to modify endogenous proteins, the Trim-Away
technique uses antibodies and an immune response to selectively degrade proteins.
Normally, the E3 ligase TRIM21 recognises the Fc domain of antibodies and clears away
antibody bound pathogens. This interaction can be taken advantage of in Trim-Away through
the microinjection or electroporation of antibodies against your protein of interest (POI) into
the cells to mediate targeted protein degradation (Clift et al., 2017). However, this process is
held back by the availability and specificity of antibodies against the POI, the challenge of
getting the antibodies inside the cells, and the limiting levels of endogenous TRIM21.

1.4 PROTACs
The desire of utilising the UPS for targeted protein degradation for therapeutics and
investigation has resulted in the development of a multitude of different strategies and
technologies briefly mentioned above. Overcoming the need for protein modifications or
expensive antibody-based techniques, comes the introduction of the most novel and
promising family of targeted degraders known as proteolysis-targeting chimaeras (PROTACs).
The surge in research of PROTACS is reflected in the rise of publications over the past decades
[Fig 1-5].
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1.4.1 From peptides to small molecules
PROTACs are heterobifunctional molecules consisting of a POI ligand connected via a short
linker to an E3 ligase ligand. This design allows PROTACs to function as bridging compounds
that recruits the POI into close proximity to an E3 ligase, facilitating the ubiquitination and
subsequent degradation of the POI [Fig 1-6].
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UB
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UB
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Figure 1-6 PROTAC schematic
Step 1: A PROTAC is a heterobifunctional molecule consisting of a substrate binder, linked to an E3 ligase binding
ligand. The PROTAC brings into close proximity, the substrate and the E3 ligase, creating a ternary complex
allowing the ubiquitination of the substrate. Step 2: The ubiquitinated substrate is then degraded by the 26S
proteasome.

The proof of concept of PROTACs first materialised in 2001 after pioneering work carried out
by the labs of Crews and Deshaies (Sakamoto et al., 2001). Here, they developed the first
peptide-based PROTAC, Protac-1, which utilised the SCF E3 ligase to degrade methionine
aminopeptidase-2 (MetAP-2). Protac-1 consists of ovalicin, a potent angiogenesis inhibitor,
whose main target is MetAP-2, linked to a phosphopeptide motif of the IκBα that is
recognised by the SCF F-box protein, β-TRCP. It was demonstrated that in vitro and in Xenopus
extracts, Protac-1 crosslinked the SCFβ-TRCP complex to MetAP-2 resulting in its ubiquitination
and proteasome-dependent degradation. Later in 2003, the same group demonstrated the
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versatility of the PROTAC approach by targeting the cancer associated oestrogen and
androgen receptors (Sakamoto et al., 2003). This time, their PROTACs were designed to utilise
oestradiol (E2) or dihydroxytestosterone (DHT) for respective oestrogen and androgen
receptor targeting. They were able to degrade oestrogen receptor alpha in cell-free extracts
and more importantly, degrade androgen receptor in vivo after microinjection of the PROTAC
into HEK293 cells. The obvious drawback of these early PROTACs was their large size and
inability to access cells due to the phosphopeptide ligand. The first cell-permeable PROTACs
took advantage of the interaction between the hypoxia response transcription factor,
hypoxia-inducible factor-1α (HIF-1α) and the von Hippel–Lindau (VHL) E3 ligase (Schneekloth,
et al., 2004). To confer cell permeability and resistance to non-specific proteolysis, the small
seven amino acid domain, ALAPYPIP of HIF-1α required for VHL binding, was C-terminally
tagged with a poly-D-arginine tag. ALAPYPIP was then linked to AP21998 or DHT to mediate
the degradation of FKBP12(F36V) or androgen receptor respectively. Subsequently, in 2008,
it was shown that PROTAC-mediated degradation is capable of robustly inhibiting
downstream signalling cascades. PROTACs consisting of a poly-D-Arg-pentapeptide VHL
ligand linked to E2 or DHT inhibited the proliferation of hormone-dependent, but not
hormone-independent, breast or prostate cancer cell lines respectively. Treatment caused
dephosphorylation of retinoblastoma protein (RB) and decreased Cyclin B1 levels, likely
causing G1 cell cycle arrest (Rodriguez-Gonzalez et al., 2008).
Despite the efforts made to optimise these peptide-based PROTACs, fundamental limitations
still existed in the form of high molecular weights, low potency, poor cell permeability and
peptide bond lability. Therefore, the next generation of all small-molecule PROTACs were
developed which aimed to overcome those limitations. The first of the all small-molecule
PROTACs consisted of a non-steroidal selective androgen receptor modulator (SARM) and
nutlin, an MDM2 ligand, connected by a polyethylene glycol (PEG)-based linker. This PROTAC
was found to degrade exogenously expressed androgen receptors in HeLa cells at 10 μM after
7 hours of treatment (Schneekloth et al., 2008) [Fig 1-7A] The next class of all-small molecule
PROTACs utilised yet another E3 ligase, cellular inhibitor of apoptosis protein 1 (cIAP1).
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Figure 1-7 Examples of existing PROTACs
A) An MDM2-based PROTAC targeting the AR. B) A cIAP1-based PROTAC targeting CRABPII. C) CRB-based
PROTACS: dBET1 (BRD4-targeting); ARV-825 (BRD4-targeting); P13I (BTK-targeting). D) VHL-based PROTACs
PROTAC_ERRα (ERRα-targeting); PROTAC RIPK2 (RIPK2-targeting); ARV-771 (BRD4-targeting); and MZ1/MZ2
(BRD4-targeting). Adapted from (Pei et al., 2019).

A class of bestatin methyl esters which binds to cIAP1 was linked to all-trans retinoic acid, an
endogenous ligand that binds to cellular retinoic acid–binding proteins (CRABP-I and -II) [Fig
1-7B]. This heterobifunctional molecule was appropriately designated as specific and
nongenetic IAP-dependent protein eraser (SNIPER). Over the following decade, a number of
small molecule PROTACs for a range of targets have been created and optimised to increase
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potency, cell permeability, and specificity, utilising the limited pool of E3 ligases (Sun et al.,
2019; Y. Wang et al., 2020). Small molecule PROTACs now most prominently recruit VHL
through a high affinity small molecule ligand (Buckley et al., 2012), or CRB using the
thalidomide family of immunomodulatory drugs (J. Lu et al., 2015; Winter et al., 2015) [Fig
1.7C-D]. The therapeutic potential of PROTACs is now fully realised after the spin-out biotech,
Arvinas developed a series of PROTACs now in clinical trials. As of the time of writing, ARV110 (Neklesa et al., 2018), a PROTAC against the androgen receptor is in phase I clinical trials
and has been fast tracked by the FDA for the indication of metastatic castration-resistant
prostate cancer (mCRPC). Similarly, ARV-471 (Flanagan et al., 2019), an oestrogen targeting
PROTAC is in phase I clinical trials for patients with metastatic breast cancer.
With this benchmark, the field is showing no signs of slowing down on improving PROTACs.
PROTACs are now being modified into opto-PROTACs, to make them more controllable
through light activation, in the hope to increase their safety profile (J. Liu et al., 2020). Cell
permeability is also being researched into, resulting in CLIPTACs, PROTACs that have the two
functional halves split into separate molecules. The pair consisting of a tetrazine tagged
thalidomide derivative and a trans-cyclo-octene (TCO)-tagged ligand is able to undergo a ‘click
chemistry’ reaction inside the cell to form the functioning PROTAC (Lebraud et al., 2016).

1.4.2 Advantages of PROTACs
The promise of PROTACs as an investigational tool in the way of ‘chemical knockout’ or a
therapeutic tool lies in its many advantages inherent to its modality, which shall be
highlighted below. The comparison of rapid and selective degradation for a chemical
knockout to genetic knockouts/knockdowns and antibodies has already been discussed in
section 1.3, so the focus will be on the degradation of the POI compared to inhibition.
It is important to note that most PROTAC designs so far have been based on existing ligands
or inhibitors of a POI. Currently, small-molecule inhibitors have been at the forefront of
targeting protein activity therapeutically and investigationally based on their small size and
favourable pharmacokinetic profiles. However, they are limited in many ways. Firstly,
inhibitors rely on binding to the active site of a target protein, attenuating its activity. This
itself poses a problem as only proteins such as receptors or enzymes, with defined active sites
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are targetable, thus, only around 25% of the human proteome is tractable for small-molecule
inhibition. This leaves a swathe of ‘undruggable’ proteins, for example, transcription factors,
scaffolding proteins, and non-enzymatic proteins, which work through protein-protein
interactions (Wells & McClendon, 2007). The need for small-molecule inhibitors to maintain
binding to their target for their effect can be described as the ‘occupancy-driven’
pharmacology model. This mechanism means that often, high inhibitor concentrations are
required over prolonged durations for therapeutic efficacy, which results in potential off
target binding and unwanted side effects. Furthermore, prolonged treatment can induce
mutations in the target (Schmitt et al., 2016), compensatory upregulation of the target
(Palmer & Kishony, 2014), or compensatory feedback mechanisms (Rozengurt et al., 2014),
which diminish therapeutic efficacy.
PROTACs on the other hand, utilise what is known as ‘event-driven’ pharmacology where only
a transient binding event is required for activity, these ‘event-driven’ molecules can then cycle
through multiple rounds of activity, binding and ubiquitinating super-stoichiometric
quantities of proteins. PROTACs have often been described to work catalytically and thus,
lower concentrations are required and need to be maintained, potentially increasing their
safety profile. Since the target protein must be resynthesized, the duration of effect is longer,
and the overexpression of the protein can be averted (Salami & Crews, 2017). Furthermore,
some proteins may have multiple functions and catalytic domain structures, so that blocking
just one site may not be sufficient to abrogate function. Instead, by degrading a protein, its
non-enzymatic functions can be explored or attenuated for greater results. An example of
this is a PROTAC against the cytoplasmic tyrosine kinase, FAK, utilising the most advanced
clinical FAK inhibitor, defactinib, and VHL. It was shown that not only did the PROTAC degrade
FAK, but it inhibited FAK activity more potently than defactinib, despite lower binding affinity.
Additionally, the weaker binding of the PROTAC afforded greater selectivity in a DiscoverX
KINOMEscan. The degradation also resulted in the loss of non-kinase-dependent activation
of Paxillin and downstream phosphorylation of Akt, resulting in a stronger anti-cell migration
response compared to defactinib (Cromm et al., 2018). The greater selectivity of PROTACs
compared to their targeting warhead could be explained by the need for creating a favourable
ternary complex between the substrate and the E3 ligase (Bondeson et al., 2018), thus ternary
complex formation is far more predictive of PROTAC-induced substrate degradation than
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PROTAC binding affinity (Gadd et al., 2017). It is also reported that even the same warhead
can have different substrate specificity based on which E3 (Lai et al., 2016) is recruited, or
what type of linker is used (Smith et al., 2019). This would allow the repurposing of inhibitors
already developed, but lacking efficacy or selectivity to be given a new opportunity as a
PROTAC. Finally, PROTACs carry the potential of targeting the ‘undruggable’ proteins that lack
binding pockets but rely on protein-protein interactions such as the transcription factor STAT3
(Bai et al., 2019). By utilising any ligand or binding moiety, and relying on transient
interactions, PROTACs have the capability of removing proteins that lack an active site or have
a scaffolding role that is not addressable by an inhibitor.
Despite potentially over 600 E3 ligases to utilise in the cell, a challenge in the field will be
finding small molecule ligands that bind to those E3s. This is because most components of the
ubiquitin system rely on multiple protein-protein interactions and not a well-defined catalytic
pocket, thus not having a readily identifiable enzymatic function (X. Huang & Dixit, 2016).
However, with advances in bioinformatics and novel technologies including mass
spectrometry and high-throughput screening, the development and success of specific E3
ligands and inhibitors might soon be within reach (Ernst et al., 2013). Given the rapid
technological developments in PROTACs, and the industry’s commitment in this area,
targeted protein degradation is fast becoming an important new modality in a biologist’s
toolbox as a therapeutic and research tool.

1.5 The cell cycle and protein degradation
The flow of information that underpins the central dogma also passes from generation to
generation through the replication of DNA in the cell cycle. The cell cycle is the series of events
that produces two daughter cells carrying the same genetic information. The physiological
and morphological events or stages of the cell cycle can be characterised into two main
stages: interphase and mitosis. Collectively known as interphase, there are two gap phases,
G1 and G2, and the DNA replication phase S. The G1 phase is concerned with determining cell
fate and committing to cell division and preparing the cell for DNA synthesis (Bertoli et al.,
2013). The S-phase involves the faithful replication of DNA and centrosomes, and assembly
of chromatin and chromosomes (Laskey et al., 1989). Finally, G2 prepares and gates cells for
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entry into mitosis (de Gooijer et al., 2017). Mitosis begins with prophase, involving the
condensation of chromosomes and breakdown of the nuclear envelope in open mitosis. The
duplicated centrosomes begin to nucleate microtubules and move towards opposite poles of
the cell. During the next stage, prometaphase, nuclear envelope breakdown is complete, and
the mitotic spindle is assembled to capture and arrange the chromosomes along the
metaphase plate. By metaphase, accurate and symmetric alignment of sister chromatids
along the metaphase plate is achieved and at anaphase onset, the chromatids are segregated
towards opposite poles. In telophase, the two separated chromatids form into nuclei and
cytokinesis ensures the cleavage into two distinct cells (McIntosh, 2016).

1.5.1 Cyclins and the control of the cell
Due to the physiological importance of the cell cycle, it must be tightly controlled and
regulated so that the events described above occur in the correct sequence at the appropriate
times. Two essential mechanisms govern progression, the first of which are the reversible
PTMs of effector proteins carried out by cyclin-dependent-kinases (CDKs). However, because
the PTMs that drive progression are reversible, directionality becomes a potential problem.
This is where the second mechanism, the ubiquitin-mediated degradation of cell cycle
regulators is important.
Numerous mammalian CDKs exist and subsets are required for different stages of the cell
cycle along with their correct binding partners, the cyclins [Fig 1-8]. In early G1, Cyclin D levels
rise in response to mitogenic signalling and bind to and activate CDK4 and CDK6. CDK4/6
target multiple proteins for phosphorylation including RB1, which relieves its inhibition of
multiple genes encoding proteins required for DNA synthesis, including Cyclin E, which drives
late G1 progression in complex with CDK2 (Malumbres & Barbacid, 2001). During S-phase,
CDK2/Cyclin A initiates and completes DNA replication, ensuring one replication cycle (Yam
et al., 2002). Finally, CDK1/Cyclin B, first discovered as the maturation-promoting factor (MPF)
(Gautier et al., 1990) is responsible for mitotic entry. Two other mechanisms regulate CDK
activity, which is important for timing and progression. The first is through phosphorylation,
either by activating phosphorylation by CDK activating kinases (CAK) or inhibitory
phosphorylation, such as on CDK1 by Wee1 and the counteracting phosphatase Cdc25
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(Wieser & Pines, 2015). Second is by binding of CDK inhibitors (CKIs) such as those of the INK4
family or WAF/KIP family that bind to CDK4/6 or CDK2 respectively (Sherr & Roberts, 1999).
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Figure 1-8 Cell cycle and the cyclins
Each stage of the cell cycle is driven by a set of CDKs and Cyclins, the levels of which oscillate through the cell
cycle. Entry into S-phase is driven by CDK4/6 and Cyclin D through the inhibition of RB1 and subsequent
transcription by E2F. Adapted from (B. Lee & McArthur, 2015).

1.5.2 UPS and the control of the cell cycle
Complementary to the reversible nature of CDKs, the UPS ensures directionality of the cell
cycle through temporal and spatial irreversible degradation of key cell cycle regulators such
as the Cyclins and CKIs. The two E3 ligases that play a major role are the previously mentioned
SCF and APC/C. The SCF utilises F-box proteins as the substrate binder, giving specificity to
degradation. F-box proteins generally recognise phosphodegrons, allowing substrate
discrimination through the cell cycle (Ang & Wade Harper, 2005). In the G1/S-phase transition,
the F-box protein Skp2, recognises the CKI, p27, after it has been phosphorylated by
CDK2/cyclin E and targets it for degradation (Nakayama & Nakayama, 2005). In S-phase, the
licensing factor, cdt1, after CDK2/Cyclin A phosphorylation, is also targeted by SCFSkp2 to
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prevent multiple rounds of DNA replication (Pozo & Cook, 2016). At the G2/mitosis transition,
CDK1 and Plk1 phosphorylation of Wee1 and degradation by SCFβ-TrCP provides a positive
feedback loop allowing further CDK1/Cyclin B activity and mitotic entry (Watanabe et al.,
2004).
The APC/C becomes active at anaphase. It initiates mitotic exit through targeting of mitotic
Cyclins (A and B) for ubiquitin-mediated destruction, the start of anaphase through targeting
of Securin, and is active through early G1. It utilises the co-activators Cdc20 or Cdh1 in order
to differentiate and degrade its substrates in a timely order, where Cdc20 is first recruited
and then Cdh1. During the start of mitosis, the APC/C is first activated through
phosphorylation by high levels of CDK1 activity (Rudner & Murray, 2000). However, Cdc20 is
unable to activate the APC/C until the spindle assembly checkpoint (SAC) is satisfied. The SAC
ensures that APC/CCdc20 remains inactive and anaphase does not begin until all the chromatids
are stably and correctly attached to the spindle (Lara-Gonzalez et al., 2012) preventing
aneuploidy. The SAC is mediated through the generation of the mitotic checkpoint complex
(MCC) consisting of Cdc20, Mad2, BubR1, and Bub3 by unattached kinetochores. The MCC is
believed to disrupt the degron recognising interface by binding APC/C (Chao et al., 2012) and
acts as a pseudo substrate for the APC/CCdc20 (Di Fiore et al., 2016). Only when the SAC is
satisfied and the MCC is inhibited by p31comet (Westhorpe et al., 2011), APC/CCdc20 becomes
fully active, and it targets Securin (Hagting et al., 2002) and Cyclin B (Pines & Clute, 1999) for
degradation. Thus, the destruction of Securin, relieving the inhibition of Separase, results in
the cleavage of Cohesin and separation of sister chromatids, and the cessation of CDK1 allows
cells to exit mitosis.
Cdh1 on the other hand is kept inactive by phosphorylation during phases of high CDK activity.
Therefore, only after anaphase onset, when CDK1/Cyclin B levels are sufficiently low,
APC/CCdh1 becomes active and takes over from APC/CCdc20 (Kramer et al., 2000). The APC/CCdh1
ensures that CDK activity remains low during mitotic exit and early G1 through the
degradation of mitotic cyclins and other cell cycle regulators like Skp2 (Wei et al., 2004). This
process is also aided by phosphatases to dephosphorylate the many CDK substrates in the
cell, resetting the cell cycle and creating a new interphase state. Although there is much
overlap of Cdc20 and Cdh1 substrates, the switch from Cdc20 to Cdh1 is believed to increase
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the diversity of substrates for the APC/C, since Cdc20 mostly targets proteins with a D-box
degron whilst Cdh1 substrates include other degrons such as the KEN motif (Pines, 2006).
Such Cdh1-specific substrates include Aurora Kinase A and B (Floyd et al., 2008), and Plk1
(Lindon & Pines, 2004) where their mis-regulation can cause problems in cytokinesis. The
APC/C becomes inactivated in late G1 through inhibition by Emi1 (Cappell et al., 2018),
allowing CDK2/Cyclin A activity to build up and cell cycle progression to occur.
Overall, regulated protein degradation is intimately linked to the kinase-based control that
drives the cell cycle. An overarching narrative is the involvement of negative feedback
mechanisms that drive the oscillatory nature of the cycle, where an activator of the cell cycle
also activates its own ubiquitin-mediated demise.

1.6 Aurora kinases
The Aurora Kinases are a family of serine/threonine kinases that are crucial to the onset and
progression of mitosis. They were first discovered in the 1990s across numerous organisms
and thus were designated different names at their times of discovery. In Xenopus, they were
identified as Eg2 (Paris & Philippe, 1990), Ipl1 in budding yeast (Chan & Botstein, 1993), and
Aurora in Drosophila (Glover et al., 1995). The orthologous evolution of the Ipl1 gene led to
the AURKA, AURKB/C gene in invertebrates and non-mammalian vertebrates whereas in
mammals, AURKB and AURKC are separate paralogs (Willems et al., 2018). The Aurora Kinases
share a highly conserved catalytic C-terminal domain and a regulatory N-terminal domain (Fu
et al., 2007), and vary in size between 309-403 amino acids in length. Their conserved kinase
domains are constituted by a β-stranded N-terminal lobe and an α-helical C-terminal lobe that
are linked together by a hinge region, responsible for the active conformation and
accommodating the deep cleft for adenine binding (Cheetham et al., 2002). In addition, an
additional structure known as the activation loop resides in the C-terminal lobe, contains the
conserved catalytic Asp-Phe-Gly (DFG) motif in the active site. This DFG motif forms the
binding site for substrate peptides at the base of the active site cleft and can be in a DFG-in
or DFG-out state reflecting the structural arrangement of the Asp and Phe residues. In the
DFG-out state, the Asp side chain points away from the active site, preventing the
coordination of Mg–ATP. This arrangement also disassembles the regulatory spine by moving
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the Phe residue out of alignment with the other spine residues. Because the activation loop
immediately follows the DFG motif in the primary sequence, the DFG flip causes the activation
loop to move across the active site cleft, blocking the binding site for substrate peptides and
creating an inactive form of the kinase. The DFG-in state, which can be active or inactive, can
be created by binding to allosteric partners and the conformation has the Asp residue
pointing into the active site to coordinate Mg-ATP and the activation loop is positioned to
bind substrates (Levinson, 2018; Ruff et al., 2018). What sets the kinases apart are their highly
variable N-terminal domains with Aurora Kinase A (AurKA) having the longest and Aurora
Kinase C (AurKC) having the shortest. It is believed the Aurora Kinases have similar substrates
but that it is the N-terminal domain, which acts to predominantly determine their cellular
localisation (Rannou et al., 2008) and binding partners, that specifies their substrate and
function (S. Li et al., 2015). However, it has been reported that the C-terminal domain can
also affect function and localisation (Fu et al., 2007; Scrittori et al., 2005). The N-terminal
domain is also highly unstructured and contains the degrons required for ubiquitin-mediated
degradation [Fig 1-9] (Lindon et al., 2015).
During the cell cycle, AurKA plays essential roles in mitotic entry (Seki et al., 2008),
centrosome maturation, and spindle assembly (Barr & Gergely, 2007) Aurora Kinase B
(AurKB), forms part of the chromosomal passenger complex (CPC), which also includes
INCENP, Survivin and Borealin/Dasra (Ruchaud et al., 2007). During mitosis, the CPC has roles
in chromosome condensation and organization, ensuring fidelity in kinetochore-microtubule
attachment for correct chromosomal bi-orientation during metaphase, SAC maintenance,
and cytokinesis (Carmena et al., 2012). In light of its functions, AurKB localises to the
centromeres from prometaphase and then to the spindle midzone during anaphase and then
finally to the midbody during cytokinesis (Schumacher et al., 1998; Terada et al., 1998). AurKC
fulfils similar functions to AurKB but its expression is limited to that of the germ cells
(Quartuccio & Schindler, 2015).
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Figure 1-9 The Aurora Kinases
The structural domains and sequence homology between the AurKA, AurKB, and AurKC are shown. Their
degrons and autophosphorylation sites are also marked. Adapted from (Willems et al., 2018).

1.6.1 AurKA, roles and regulation
AurKA drives mitotic entry in G2 where its mRNA and protein levels rise (Klotzbucher et al.,
2002). In association with its binding partner Bora (Hutterer et al., 2006), AurKA
phosphorylates Plk1 on T210 in its T-loop resulting in its activation (Seki et al., 2008).
Activated Plk1 can then phosphorylate the phosphatase, Cdc25c, thus removing the inhibition
on CDK1 and promoting mitotic entry (Roshak et al., 2000).
AurKA also serves a role in the maturation of the microtubule organising centre of the cell,
the centrosome. The process of maturation begins with initially low Plk1 activity
phosphorylating the pericentriolar protein, PCNT (K. Lee & Rhee, 2011) which acts to recruit
CEP192 to the centrosomes. CEP192 is then able to recruit AurKA to the centrosome where
AurKA is activated through autophosphorylation on T288, driving AurKA from an inactive DFGin conformation into an active one (Ruff et al., 2018). Active AurKA phosphorylates Plk1 on
T210, activating it, which then allows it to bind to CEP192 and phosphorylate it (Joukov et al.,
2010) in a positive feedback loop that contributes to mitotic entry, since the centrosomes act
as a signalling platform as a site of mitotic CDK activation. This active ternary complex of
CEP192, AurKA, and Plk1, can begin recruiting the g-tubulin ring complex (g-TURC), through
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NEDD1 (Courthéoux et al., 2019), which is the primary microtubule nucleating factor (Joukov,
Walter, & De Nicolo, 2014). AurKA also has a role in nucleating astral microtubules and
stabilising K-fibre microtubules through its interaction with the transforming acidic coiled-coil
3 (TACC3) protein. AurKA phosphorylation of TACC3 on S558 brings it to the centrosome,
where it then recruits g-TURC in order to nucleate astral microtubules (LeRoy et al., 2007;
Rajeev et al., 2019). Phosphorylated TACC3 on the spindle also recruits and interacts with
Clathrin and ch-TOG to form a complex that can act to stabilise short inter-microtubule
bridges in K-fibres which attach the kinetochores of chromosomes to the spindle poles (Booth
et al., 2011; Cheeseman et al., 2011). It has also been shown that TACC3 can reciprocatively
activate AurKA locally on the spindles, through binding centred on a crucial TACC3 F525
residue, which is believed to further enhance inter-microtubule bridge formation (Burgess et
al., 2015, 2018).
Apart from the CEP192 associated pool of AurKA, there is a TPX2 associated pool of AurKA
that has a crucial role in spindle formation during the cell cycle. TPX2 is the best characterised
binding partner of AurKA, localising AurKA to the mitotic spindle [Fig 1-10] (Kufer et al., 2002).
Upon mitotic entry and nuclear envelope breakdown, the chromatin associated GEF, RCC1,
produces a RanGTP gradient that stimulates the release of TPX2 from bound importin a/b
(Gruss et al., 2001). TPX2 allosterically binds to AurKA and induces a DFG-in conformation
change that is primed for substrate binding, activating it independently of phosphorylation
(Cyphers et al., 2017; Zorba et al., 2014). AurKA-TPX2 crystal structures also suggest that TPX2
binding can enhance autophosphorylation by AurKA heterodimerisation (Zorba et al., 2014).
Additionally, TPX2 binding enhances AurKA activity by protecting AurKA T288 from the action
of the phosphatase, PP1 (Bayliss et al., 2003; Dodson & Bayliss, 2012). This microtubule
associated AurKA can then promote microtubule nucleation and stabilisation through NEDD1
and HURP (Pinyol et al., 2013; Wong et al., 2008).
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Figure 1-10 AurKA localisation during mitosis
AurKA localisation as seen by immunofluorescence at different mitotic stages AurKA: green, a-tubulin: red, DNA
(TOTO-3): blue). Prophase (A-C), metaphase (D-F), anaphase (G-I), and telophase (J-L). AURKA localises to the
centrosome and spindle at early mitosis, and the midbody and spindle in late mitosis. Image from (Marumoto
et al., 2003).

AurKA is a well-studied substrate for the APC/CCdh1 and although the APC/C utilises the
canonical KEN and D-box (RxxL) degrons for substrate binding (Glotzer et al., 1991; Pfleger &
Kirschner, 2000), the functional role of the AurKA degrons are unclear. It has been shown in
vivo (Taguchi et al., 2002) and in vitro (Castro et al., 2002; Crane et al., 2004) that the KEN
motif in the N-terminus of AurKA is not needed for degradation and is instead just a site for
ubiquitination (Min et al., 2015). AurKA is also identified as having five D-box sequences but
there has been supporting evidence for (Castro et al., 2002) and against (K. Honda et al., 2000)
their roles as a functioning degron. Discrepancies could arise from differences in human and
Xenopus AurKA and whether the experiment was done in vivo or in vitro. Furthermore, the
R371A-L374A D-box mutant has been shown to mis-localise and lose its native conformation,
which may affect its degradation (Lindon et al., 2015). Structural data showing the location of
the D-box buried in the AURKA kinase domains also raises questions on the accessibility of
such a D-box (Bayliss et al., 2003). Indeed, a non-canonical ‘A-box’ degron located in the N terminus was proposed to mediate AurKA degradation through altering the conformation and
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thus accessibility of the C-terminal D-box (Castro et al., 2002; Littlepage & Ruderman, 2002).
AurKA’s activity is also maintained and switched off at the end of mitosis by the action of a
family of phosphoprotein phosphatases (PPPs). PP6 has been shown to specifically
dephosphorylate pT288 of TPX2 bound AurKA at the spindles which is crucial for proper
spindle alignment and centrosome capture (K. Zeng et al., 2010). PP1 has also been shown to
dephosphorylate non-TPX2 bound AurKA (Eyers et al., 2003) and PP2A is required to remove
the phosphorylation on S51 prior to AurKA degradation (Horn et al., 2007), adding an extra
layer of control to activity.
Outside of mitosis, AurKA has also been implicated in other roles including cilia disassembly
in G1 (Pugacheva et al., 2007), cell migration and motility (Mahankali et al., 2015), and recently
in mitochondria homeostasis (Abdelbaki et al., 2020; Bertolin et al., 2018; Grant et al., 2018).
Given the multitude of roles which AurKA plays in interphase and mitosis, it is not surprising
to find that it and its regulatory partners’ mis-regulation in activity and abundance is
associated with numerous cancers. The overexpression or amplification of AurKA has been
observed in multiple classes of common solid cancers, including colorectal, breast, ovarian,
prostate, neuroblastoma and cervical, in both primary tumour tissue and cell lines (Tang et
al., 2017). In other studies, it was shown that the induced expression of AurKA in mouse
models can lead to mammary tumour formation (X. Wang et al., 2006). A number of cancer
phenotypes are associated with AurKA overexpression and these include centrosome
amplification resulting in multipolar spindles, and aneuploidy (H. Zhou et al., 1998). These
phenotypes arise from failures in cytokinesis, leading to multinuclear tetraploidisation and
subsequent centrosome duplication (Meraldi et al., 2002). Furthermore, the role of AurKA in
maintaining cell cycle checkpoints is highlighted in its interaction with the DNA damage
tumour suppressor, P53. AurKA has been shown to phosphorylate P53 on S215 and S315 to
inhibit its activity and induce its degradation by MDM2, therefore, abrogating the G1/S
checkpoint (Katayama et al., 2004; Q. Liu et al., 2004). More recently, AurKA has been shown
to mediate oncogenic effects in cancers through its interaction with Myc, a transcription
factor regulating the genes involved in growth, proliferation, metabolism, and apoptosis.
Here, AurKA upregulates the expression of c-Myc through binding to its promoter (L. Lu et al.,
2015) or stabilising it and protecting it from degradation by binding directly to n-Myc in a nonkinase-dependent manner (Brockmann et al., 2013; Otto et al., 2009). The incorrect
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degradation of AurKA and its association with cancer has been demonstrated in the finding
that an S51D mutation inside the A-box degron prevents degradation of AurKA, and that this
mutation is found in head and neck cancers (Kitajima et al., 2007). Overexpression of
interactors of AurKA such as TPX2 has also been reported in cancers (Asteriti et al., 2010),
where it is thought to activate and stabilise AurKA from APC/CCdh1 degradation (Giubettini et
al., 2011).

1.6.2 AurKA as a therapeutic target
With its potential for oncogenic activity, AurKA has become a target for pharmaceutical
companies in the search for clinically useful small molecule inhibitors. Some of the most
advanced AurKA inhibitors to date include MLN8237, VX-680, ENMD-207, and LY3295668,
which have shown in vivo success. They are all undergoing clinical trials against cancers
including small-cell lung carcinoma, triple-negative breast cancers, and neuroblastoma (Du et
al., 2019; Fletcher et al., 2011; Görgün et al., 2010; Harrington et al., 2004). It has been shown
that AurKA inhibition causes spindle assembly defects during mitosis, which causes a transient
spindle checkpoint-dependent mitotic arrest. This cell cycle arrest is not maintained, and
subsequently, AurKA inhibited cells exit from mitosis leading to apoptosis by induction of a
P53- and p21-mediated G1 arrest due to aneuploidy (Kaestner et al., 2009). In other cell lines,
AurKA inhibition is believed to cause an arrest at the G2/M transition, followed by apoptosis,
and that such differing effects may be down to P53 status of the cell (Warner et al., 2003).
The success of AurKA inhibition in the clinic has been limited, but research has shown that
AurKA plays a role in conferring resistance to existing cytotoxic drugs such as the taxanes (H.
Yang et al., 2006), EGFR inhibitors (Shah et al., 2019) and cis-platin (Jie Xu et al., 2014).
Therefore, potential lies in combination therapies such as those with MLN8237 in conjunction
with taxanes like docetaxel (Qi et al., 2011). However, another axis of AurKA signalling lies in
its non-kinase roles such as those associated with n-MYC or as a transcription factor (F. Zheng
et al., 2016), which would not be affected by conventional inhibitors. Therefore, there has
been recent interest in ‘conformation-disrupting’ inhibition of AurKA. Clearly, an alternative
therapeutic approach would be the removal of AurKA through targeted destruction, as can
be achieved by PROTACs. To our knowledge at the time, this has not yet been successfully
attempted.
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1.7 Studying protein stability
One experimental limitation in the development of targeted protein degradation tools or
studying protein stability and degradation is the lack of tools to measure such changes in
stability. This is because current methods exist to measure protein levels. It is important to
recognise that proteins are under a constant state of flux, and at any moment in time, their
levels depend on a combination of synthesis and degradation [Fig 1-11]. Therefore, being able
to efficiently and minimally perturb cell physiology in order to measure changes in protein

Protein abundance

half-lives would be of great research benefit.

a

b

c

d
e

Rate

Time

a

b

c

Synthesis
Degradation

d
e

Time

Figure 1-11 Protein abundance is the result of the rate of synthesis and degradation
The top graph shows how protein abundance varies over time. The bottom graph shows the rates of synthesis
and degradation to give the corresponding changes in protein abundance. Time periods: a) represents equal
synthesis and degradation rates giving a steady state; b) degradation rate remains constant but synthesis rate
has increased, leading to increasing protein abundance; c) degradation rate increases to match synthesis rate
so protein abundance returns to a steady level; d) degradation rate increases much more whilst synthesis
remains constant, so protein abundance quickly declines; e) both synthesis and degradation rates decrease to
the same levels so protein abundance remains steady again.

1.7.1 Current methods for measuring protein stability
Historically, methods first devised to measure protein turnover relied on pulse-chase
metabolic labelling (Merlie et al., 1976). Cells would be grown in media labelled with a
radioactive element e.g. 35S for the ‘pulse’ and then switched to ‘chase’ medium containing
the non-radioactive form e.g. 32S. The half-life of a single POI can be measured by coupling
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affinity purification with autoradiography. More recently, technological advances have
allowed high-throughput proteomic studies. Multiplexing involves pulsing with isobaric labels
such as 3C and 15N. After the chase, using iTRAQ™ labelled mass spectrometry (MS), the loss
of 12C and 14N forms and the accumulation of the heavy forms can yield information about
degradation and synthesis of all detected proteins at steady and non-steady states (Boisvert
et al., 2012; Doherty et al., 2009; Jayapal et al., 2010). Limitations with these methods include
the effects which amino acid analogues may have on the biophysical properties of proteins,
the handling of radioactive species (Yewdell et al., 2011), the bias against newly synthesized
and underrepresented proteins during MS (Grandi & Bantscheff, 2019) and the difficulty in
interpreting MS data. Cycloheximide chase is another commonly used method for studying
protein half-lives. Cycloheximide inhibits the eEF2-mediated ribosome translocation, blocking
the synthesis of nascent proteins. Degradation can then be measured over time using
immunoblotting (Hochstrasser & Varshavsky, 1990). This method can be problematic for
studying long-lived protein due to the physiological effects of prolonged inhibition of protein
synthesis (Martin et al., 1990). There may also be shorter term effects due to the imbalance
of free amino acids or nucleotides. Furthermore, these methods mentioned above are not
capable of measuring protein turnover or degradation of live cells in real time as they are endpoint essays, and they are limited to measuring populations of cells rather than individual
cells. To overcome these problems, live cell imaging of fluorescent labelled proteins has been
used to measure abundance and localisation. The degradation kinetics of AurKA and AurKB
have been well studied by GFP tagging (Min et al., 2015). However, measuring protein
abundance does not necessarily detail protein degradation since abundance is contributed
towards by production and degradation [Fig 1-11]. Fluorescent timers have been developed
in order to measure protein age. These fluorescent timers based on DsRed (Terskikh et al.,
2000) reveal the age of the protein by the changing colour of the fluorophore over time
through chromophore oxidation. However, they are prone to oligomerisation and suffer from
low brightness As an alternative approach, tandem fluorescent protein timers (tFTs) have
been developed (Khmelinskii et al., 2012). tFTs were initially used to study patterns of agerelated protein inheritance in S. cerevisiae with the potential to report on both protein
turnover and subcellular trafficking in living cells independent of protein production rates.
Since then, it has been used in other systems for example to study auxin-mediated
degradation of AUX/IAA transcription factors (H. Zhang et al., 2019).
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1.7.2 Tandem fluorescent protein timers
tFTs utilise a composite tag composed of two distinct fluorophore (FP) proteins that differ in
maturation kinetics and spectral properties, expressed as a C-terminus tag on the protein of
interest. The difference in time between protein synthesis and the maturation of the two
fluorophores allows the user to resolve the relative age of the protein [Fig 1-12]. To do so, the
fluorescence intensity of the slower maturing fluorophore (slowFP) is compared with the
faster maturing fluorophore (fastFP) as a ‘tFT ratio’, under the assumption of steady state.
The average age of a protein in the cell is ultimately determined by its rate of synthesis and
degradation, and under time-independent rate constants for those processes, the ratio of the
slowFP/fastFP intensity is only determined by the degradation rate constant. One way of
thinking about this is that a newly synthesised pool of tFT proteins will be predominantly the
colour of the fastFP as the slowFP has not yet had the time to mature. As the age of the
protein pool increases and more of the slowFP matures, the slowFP/fastFP ratio will increase.
If the degradation kinetics were to change i.e. if the pathways involving the degradation were
to be perturbed, then the ratio of slowFP/fastFP would change as more or less slowFP can
mature before degradation (Khmelinskii & Knop, 2014). Therefore, by measuring the ratio of
the tFT across time and space, the temporal and spatial stability of the protein can be inferred.
Perhaps the biggest advantage of using tFTs in measuring protein stability compared to other
methods is that single time-point ‘snapshot’ measurements are sufficient to form the timer
ratio. Therefore, by comparing single snapshot images for protein stability readouts, imaging
throughput is greatly enhanced.
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Figure 1-12 Tandem fluorescent protein timer
A tFT consists of a fastFP and slowFP with maturation kinetics of rate constant n and m respectively, where n >
m. When tagged to a protein of interest that is synthesized at rate constant p, there is initially no fluorescence
at T0 but the as the protein ages, the fastFP matures first at Tn, and then the slowFP at Tm. For a pool of newly
synthesised proteins at T1, the pool is predominantly fluorescing fastFP, as the protein pool ages, they gradually
acquire slowFP fluorescence (T2 and T3). The colour of the pool, represented by the slowFP/fastFP ratio of
fluorescence intensities, provides a measure of age.

Overall, as technologies in selectively degrading proteins and studying their stabilities evolve
over time, we are able to better understand the crucial roles in which protein degradation
plays in the cell.

1.8 Aims of the project
Given the importance of AurKA and its roles in the cell cycle, it is important to understand
what factors govern its stability and how its stability changes through the cell cycle. For
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example, other E3s such as Chfr have been reported to have a role in the degradation of
AurKA (Yu et al., 2005). Furthermore, there are still roles of AurKA which are yet
uncharacterised or undefined, especially such ones that are kinase-independent. By learning
more about AurKA, we can expect to unravel more of the complexities of the cell cycle, and
further identify fulcrums in the cell cycle to leverage as a potential therapeutic strategy. In
order to shed light on AurKA stability and its roles, I decided to pursue this aim by developing
two complementary biology tools. The first to provide means to measure AurKA stability in a
dynamic way and the second to be able to rapidly perturb AurKA stability. Specifically, the
aims of this project are as follows:
1. Develop an AurKA tFT that can read out changes in stability in the protein
•

Does it respond as predicted to the cell cycle and other known perturbations?

•

Are there any localisation-dependent effects on stability?

•

Can the AurKA tFT report on PROTAC-mediated targeting?

2. Define and characterize PROTACs that can target AurKA for degradation
•

Can AurKA be targeted for degradation by a PROTAC repurposed from a small
molecule inhibitor?

•

What are the parameters and specificity of degradation?

•

What is the effect of AurKA chemical knockdown in comparison to AURKA
inhibition?

•

What are the phenotypic effects of AurKA degradation?
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Chapter 2 Materials and method
This chapter includes the tables of the materials and the protocol of methods used in this
study.

2.1 Materials
2.1.1 Cell Lines
Table 2-1 Cell lines used

Cell line

Source

Comments

HeLa

Lindon Group

hTERT-RPE1 (Flp-In™)

Gift from Prof.

hTERT immortalized RPE1 cells with an

Jonathon Pines

integrated FRT site for Flp-In™ T-Rex™
(ThermoFisher Scientific) tetracyclineinducible expression of a gene of interest

hTERT-RPE1 ∆A-box-AurKA-Venus

Lindon Group

Expresses AurKA-Venus-∆32-66 (∆A-box)
under a tetracycline-inducible CMV promoter

hTERT-RPE1 AurKA-mRuby-

Lindon Group,

Expresses AurKA-mRuby-mNeonGreen under

mNeonGreen

created by Richard

a tetracycline-inducible CMV promoter that

Wang

is selected for with neomycin

Dr Jörg Mansfield,

Expresses AurKA-Venus under endogenous

Dresden University of

promoter

hTERT-RPE1 AurKA-VenusKI

Technology
hTERT-RPE1 AurKB-mRuby-

Lindon Group,

Expresses AurKB-mRuby-mNeonGreen under

mNeonGreen

created by Richard

a tetracycline-inducible CMV promoter that

Wang

is selected for with neomycin

Lindon Group

Expresses Cyclin B1-Venus under

KI

hTERT-RPE1 Cyclin B1-Venus

endogenous promoter
U2OS (Flp-In™)

Dr Adrian Saurin,

U2OS line with an integrated FRT site for Flp-

University of Dundee

In™ T-Rex™ (ThermoFisher Scientific)
tetracycline-inducible expression of a gene of
interest

U2OS AurKA-mRuby-mNeonGreen

U2OS AurKB-mRuby-mNeonGreen

Lindon Group,

Expresses AurKA-mRuby-mNeonGreen under

created by Richard

a tetracycline-inducible CMV promoter that

Wang

is selected for with hygromycin

Lindon Group,

Expresses AurKB-mRuby-mNeonGreen under

created by Richard

a tetracycline-inducible CMV promoter that

Wang

is selected for with hygromycin
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U2OS-Cdh1KO

Lindon Group,

U2OS line with Cdh1 knocked out using

created by Dr Begum

CRISPR

Akman
U2OS-CDK2S

Lindon Group,

Human U2OS line stably expressing the CDK2

created by Dr Begum

sensor DHB-Cerulean

Akman
UTA6-AurKA-Venus

Lindon Group

Expresses AurKA-Venus under the CMV
promoter that is repressed by tetracycline

UTA6-AurKB-Venus

Lindon Group

Expresses AurKA-Venus under the CMV
promoter that is repressed by tetracycline

2.1.2 Plasmids
Table 2-2 Plasmids used

Plasmid

Source

Comments

1-43-TPX2-Cerulean

Lindon Group

pCer-N1 vector expressing 1-43-TPX2Cerulean

AurKA-FusionRed-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

by Rebecca and Adam

hygromycin resistance, expressing AurKA
C-terminally tagged with the tFT

AurKA-mCherry-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

by Rebecca and Adam

hygromycin resistance, expressing AurKA
C-terminally tagged with the tFT

AurKA-mKate2-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

by Rebecca and Adam

hygromycin resistance, expressing AurKA
C-terminally tagged with the tFT

AurKA-mRuby-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

by Rebecca and Adam

hygromycin resistance, expressing AurKA
C-terminally tagged with the tFT

AurKA-mRuby-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

(Neomycin)

by Richard Wang

neomycin resistance, expressing AurKA Cterminally tagged with the tFT

AurKA-teRFP-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

by Rebecca and Adam

hygromycin resistance, expressing AurKA
C-terminally tagged with the tFT
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AurKB-FusionRed-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

by Rebecca and Adam

hygromycin resistance, expressing AurKB
C-terminally tagged with the tFT

AurKB-mCherry-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

by Rebecca and Adam

hygromycin resistance, expressing AurKB
C-terminally tagged with the tFT

AurKB-mKate2-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

by Rebecca and Adam

hygromycin resistance, expressing AurKB
C-terminally tagged with the tFT

AurKB-mRuby-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

by Rebecca and Adam

hygromycin resistance, expressing AurKB
C-terminally tagged with the tFT

AurKB-mRuby-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

(Neomycin)

by Richard Wang

neomycin resistance, expressing AurKB Cterminally tagged with the tFT

AurKB-teRFP-mNeonGreen

Lindon Group, created

pcDNA5 backbone vector conferring

by Rebecca and Adam

hygromycin resistance, expressing AurKB
C-terminally tagged with the tFT

CEP192-GFP

Lindon Group

pCR3.1 vector expressing CEP192

pCDNA5 FRT TO Neomycin

Lindon Group

pcDNA5 empty backbone vector carrying
neomycin resistance gene conferring
geneticin resistance

pcDNA5-mRuby

Lindon Group

pcDNA5 backbone vector carrying mRuby

pOG44

ThermoFisher Scientific

FLP-Recombinase expression vector for
efficient integration into Flp-In™ cell
lines.

S155R-AurKA-Venus
S51D-AurKA-Venus

Lindon Group, created

pVenus-N1 expressing S155R-AurKA-

by Katherine White

Venus

Lindon Group, created

pVenus-N1 expressing S51D-AurKA-Venus

by
SEpHluorin-mCherry

Gift from Colin Taylor

Chimeric construct consisting of the

Lab, University of

green, pH-sensitive fluorescent protein

Cambridge

SEpHluorin fused to the red, pHinsensitive mCherry

TPX2-Cerulean

Gift from Maria De Luca

pCer-N1 vector expressing WT-TPX2Cerulean
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USP35

GenScript

p3XFlag-CMVTM7.1 vector expressing
human USP35

WT-AurKA-Venus

Lindon Group

pVenus-N1 expressing WT-AurKA-Venus

Δ43-TPX2-Cerulean

Lindon Group

pCer-N1 vector expressing Δ43-TPX2Cerulean

Δ67-AurKA-Venus

Lindon Group, created

pVenus-N1 expressing Δ67-AurKA-Venus

by Chiara Marcozzi

2.1.3 siRNA oligos
Table 2-3 siRNA oligos used

Oligo

Reference

Sequence 5’-3’

Cdh1 siRNA

(Floyd et al., 2008)

UGAGAAGUCUCCCAGUCAGUU

CEP192 siRNA

(Zhu et al., 2008)

GGAAGACAUUUUCAUCUCUTT

GL2 siRNA

(Floyd et al., 2008)

CGUACGCGGAAUACUUCGAUU

TPX2 siRNA

(Gruss et al., 2002)

GAAUGGAACUGGAGGGCUU

USP35 siRNA

(Park et al., 2018)

CCAAGAGGAAGGATGGTAC

2.1.4 Primer oligos for cloning
Table 2-4 Primer oligos for cloning used

Oligo

Sequence 5’-3’

1.11 Set 1 Fwd

CGTGTACGGTGGGAGGTCTATA

2.1 Rev BamHI

ATATCTGCGGAACCACCAGC

1.2 Fwd BamHI

GCTGGTGGTTCCGCAGATAT

2.11 Set 2 Rev

TTTCCGCCTCAGAAGCCATA

mRuby Fwd tFT

GAACTAGGTCGACGGCCGGCCACCATGAACAGCCTGATCAAAGAA

mRuby Rev tFT

TAGCTCCTGCACCGGTAGAATTCCACCACACTGGACTAGT

2.1.5 Primary antibodies
Table 2-5 Primary antibodies used

Antibody target

Source

Species

Dilution

AurKA

BD Biosciences (610938)

Mouse monoclonal IgG

IB 1:1000
IF 1:1000

AurKA

Abcam (1287)

Rabbit polyclonal IgG

IB 1:1000
IF 1:1000
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AurKB

Abcam (2254)

Rabbit polyclonal IgG

IB 1:1000
IF 1:1000

Beta-tubulin

Sigma (T4026)

Mouse monoclonal IgG

IB 1:1000
IF 1:300

Beta-tubulin

Abcam (6046)

Rabbit polyclonal IgG

IB 1:
IF 1:1000

Cdh1

Sigma (C7855)

Mouse monoclonal IgG

IB 1:1000

CEP192

Gift from Dr Laurence Pelletier,

Rabbit

IB 1:1000

Lunenfeld-Tanenbaum Research

IF 1:1000

Institute
Cereblon

Cell Signalling Technology (71810)

Rabbit monoclonal IgG

IF 1:500

GAPDH

Cell Signalling Technology (14C10)

Rabbit monoclonal IgG

IB 1:2000

GAPDH

Proteintech (6004-1-Ig)

Mouse monoclonal IgG

IB 1:4000

Phospho-AurKA/B/C

Cell Signalling Technology (2914S)

Rabbit monoclonal IgG

IB 1:1000

T288/T232/T198

IF 1:1000

Phospho-LATS2 S83

Cyclex (CY-M1020)

Mouse monoclonal IgG

IF 1:1000

TACC3

Gift from Dr Fanni Gergely, CRUK

Rabbit polyclonal IgG

IB 1:1000

TPX2

Novus (NB500-179)

Rabbit polyclonal IgG

IB 1:4000
IF 1:1000

USP35

Abcam (128592)

Rabbit polyclonal IgG

IB 1:1000

2.1.6 Secondary antibodies
Table 2-6 Secondary antibodies used

Antibody

Source

Species

Dilution

Alexa Fluor® 488 anti-mouse

ThermoFisher

Goat IgG

IF :1000

Goat IgG

IF 1:1000

Goat IgG

IF 1:1000

(A32723)
Alexa Fluor® 568 anti-rabbit

ThermoFisher
(A11011)

Alexa Fluor® 647 anti-mouse

ThermoFisher
(A21235)

Anti-mouse HRP linked

Dako (PO260)

Rabbit IgG

IB 1:5000

Anti-rabbit HRP linked

Dako (P0448)

Goat IgG

IB 1:5000

IRDye® 680RD anti-rabbit

Li-Cor (926-68071)

Goat IgG

IB 1:20,000

IRDye® 800RD anti-mouse

Li-Cor (926-32210)

Goat IgG

IB 1:10,000
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2.1.7 Cell Culture reagents and materials, and compounds
Table 2-7 Cell Culture reagents and materials, and compounds used

Reagent/Material

Supplier

10 cm tissue culture plate

Nunc (150350)

6-well tissue culture plate

Nunc (140675)

8 -well chamber slide

Ibidi (IB-80826)

Amphotericin B

Gibco (15290-018)

APCin

Tocris Bioscience (5747)

Cell scraper

Greiner Bio-One (541070)

Dulbecco’s modified Eagle’s medium (DMEM)

Gibco (41966-029)

Dulbecco’s modified Eagle’s medium (DMEM)/F-12 +

Gibco (31331-028)

GlutaMAX™
Foetal bovine serum (FBS)

Sigma (F9665)

G-418 sulphate

Sigma (G8168)

Hanks buffered saline solution (HBSS) with calcium,

Invitrogen (14025-050)

magnesium, and no Phenol Red
Hygromycin B

Sigma (H0654)

L-Glutamine

Sigma (G7513)

Leibovitz’s L-15 (no phenol red)

Gibco (21083-027)

MG132

Alfa Aesar (J63250)

Mitotracker® Red CMXRos

ThermoFisher (M7512)

MLN8237

Stratech (A4110-APE)

Nigericin

Gift from Colin Taylor Lab, Univeristy of
Cambridge

Penicillin-streptomycin

Gibco (15140-122)

Phosphate-buffered saline

Severn Biotech (207410)

PROTAC Cpd A

Dr Karen Roberts and Dr Tim Rasmusson
AstraZeneca

PROTAC Cpd B

Dr Karen Roberts and Dr Tim Rasmusson
AstraZeneca

PROTAC Cpd C

Dr Karen Roberts and Dr Tim Rasmusson
AstraZeneca

PROTAC Cpd E

Dr Karen Roberts and Dr Tim Rasmusson
AstraZeneca

PROTAC Cpd F

Dr Karen Roberts and Dr Tim Rasmusson
AstraZeneca
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PROTAC Cpd G

Dr Karen Roberts and Dr Tim Rasmusson
AstraZeneca

PROTAC Cpd H

Dr Karen Roberts and Dr Tim Rasmusson
AstraZeneca

PROTAC-D

Dr Karen Roberts and Dr Tim Rasmusson
AstraZeneca

PROTAC-DX

Dr Karen Roberts and Dr Tim Rasmusson
AstraZeneca

proTAME

R&D systems (I-440-01M)

RO-3306

Tocris Bioscience (4181/10)

S-trityl-L-cysteine (STLC)

Tocris Bioscience (2191)

Sodium bicarbonate

ThermoFisher (25080060)

Tetracycline hydrochloride (Tet)

Sigma (T7660)

Thymidine

Sigma (T1895)

Trypsin EDTA 10X

PAA laboratories (L11-001)

2.1.8 Molecular biology reagents and materials
Table 2-8 Molecular biology reagents and materials used

Reagent/Materials

Supplier

1 kB DNA ladder

New England Biolabs (N3232)

Acetic acid

Sigma (A6283)

Alkaline calf intestinal phosphatase

New England Biolabs (M0290)

Ampicillin

FisherScientific (10419313)

Bacterial plates

BD Biosciences (351029)

Deoxynucleotide triphosphates (dNTPs)

Stratech (NU-1023S-JEN)

DNA oligos

Sigma

EDTA

Invitrogen (15575-038)

Ethidium bromide

Sigma (E1510)

GelPilot DNA loading dye (5X)

Qiagen (239901)

Kanamycin

ThermoFisher (11815032)

Luria Agar

FisherScientific (BP1425)

Luria Broth Base (Miller's LB Broth Base)

ThermoFisher (12795027)

Nuclease-free water

Promega (P1193)

Q5® High-fidelity polymerase

New England Biolabs (M0491S)

QIAGEN plasmid midi kit

Qiagen (12143)

QIAprep spin plasmid kit

Qiagen (27104)
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QIAquick gel extraction kit

Qiagen (28704)

QIAquick PCR purification kit

Qiagen (28104)

Restriction enzyme CutSmart ®buffers

New England Biolabs

Restriction enzymes

New England Biolabs

Subcloning efficiency™ DH5α™ competent cells

ThermoFisher (18265017)

T4 Rapid DNA Ligation kit

Roche (11 635 379 001)

UltraPure Agarose

Invitrogen (16500100)

2.1.9 Protein electrophoresis, immunoblot, and immunofluorescence reagents and
materials
Table 2-9 Protein electrophoresis, immunoblot, and immunofluorescence reagents and materials used

Name

Supplier

Bovine serum albumin (BSA)

Sigma (A9647)

cOmplete ™EDTA-free protease inhibitor cocktail

Roche (11836170001)

Dithiothreitol (DTT)

Sigma (10197777001)

Dried 0.1% skimmed milk powder

Sainsbury’s

Glass cover slips

Academy (400-02-16)

Hoechst-33342

ThermoFisher (H1399)

Immobilon Western® chemiluminescent HRP substrate

Millipore (WBKLS0100)

Immobilon-FL PVDF membrane

Millipore (IPFL00010)

Immobilon-P PVDF membrane

Millipore (IPVH00010

NOVEX® Sharp Pre-stained ladder

ThermoFisher (LC5800)

NuPage® LDS Sample buffer (4X)

ThermoFisher (NP0007)

NuPage® MOPS SDS Running Buffer (4X)

ThermoFisher (NP0001)

NuPAGE® Novex® 4-12% Bis-Tris Protein Gels (10, 12, 15 well)

ThermoFisher (NP0321, NP0322, NP036)

NuPage® Transfer Buffer (20X)

ThermoFisher (NP0006)

PageRuler Pre-stained ladder

ThermoFisher (26616)

PhosSTOP™ phosphatase inhibitor

Roche (4906845001)

ProLong™ Gold Antifade mountant

ThermoFisher (P10144)

Sodium dodecyl sulphate (SDS)

FisherScientific (S/P530/53)

SuperFrost microscope slides

VWR (631-0912)

Tris-HCL

FisherScientific (BP1757)

Triton X-100

Prolabo (28 817 .295)

Tween® 20

Sigma (P1379)

X-ray film

Konica (XRY004)
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2.1.10 Other compounds
Table 2-10 Other compounds used

Compound

Supplier

2-(N-morpholino) ethanesulfonic acid (MES)

Sigma (M-2933)

Calcium chloride

Gift from Dr Graham Ladds’ lab

D-glucose

Gift from Dr Graham Ladds’ lab

DMSO

ChemCruz (sc-358801)

Ethanol

Sigma (32221)

Isopropanol

Sigma (33539)

Magnesium chloride

Invitrogen (AM9530G)

Methanol

Sigma (32213)

Potassium chloride

Sigma (P4505)

Tris

Invitrogen (15504-020)

2.1.11 Software used
Table 2-11 Software used

Software

Reference/Source

Adobe Illustrator

Adobe Inc.
https://adobe.com/products/illustrator

Adobe Photoshop

Adobe Inc.
https://adobe.com/products/photoshop

Excel

Microsoft Corporation
https://office.microsoft.com/excel

Fiji

(Schindelin et al., 2012)
https://imagej.net/Fiji

Image Studio™ Lite

LI-COR Biosciences
https://www.licor.com/bio/image-studio-lite/

MATLAB

The MathWorks Inc.
https://uk.mathworks.com/products/matlab.html

MicroP

(Peng et al., 2011)
http://bmi.ym.edu.tw/jypeng/

Prism 9.0.0

GraphPad Software
www.graphpad.com
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2.2 Methods
2.2.1 Cell culture, maintenance, and synchronisation
2.2.1.1 Complete media for cell lines
Table 2-12 Complete media for cell lines used

Media for

Media composition

Filming media

Leibovitz’s L-15 (no phenol red), 10% FBS, , 100
U/mL penicillin-streptomycin

hTERT-RPE1, hTERT-RPE1-based

(DMEM)/F-12 + GlutaMAX™, 10% V/V FBS, 0.26%
sodium bicarbonate, 100 U/mL penicillinstreptomycin, 0.25 µg/mL amphotericin B,

U2OS, U2OS-based, HeLa

DMEM (high glucose), 10% V/V FBS, 2 mM LGlutamine, 100 U/mL penicillin-streptomycin,0.25
µg/mL amphotericin B

2.2.1.2 Cell culture and maintenance
All cell lines were grown in their respective media as reported in Table 2-12. hTERT-RPE1
AurKA-mRuby-mNeonGreen and AurKB-mRuby-mNeonGreen cell lines were clonally selected
for with G-418 sulphate (500 µg/mL) after transfection of hTERT-RPE1 (Flp-In™) cells. U2OS
AurKA-mRuby-mRuby-mNeonGreen and U2OS AurKB-mRuby-mRuby-mNeonGreen were
clonally selected for with hygromycin B (150 µg/mL). Expression of tetracycline induced
constructs were expressed with the addition of 1 µg/mL tetracycline in the medium.
Tetracycline repressed constructs were cultured with 1 µg/mL tetracycline in the medium,
and constructs were expressed with the removal of tetracycline by 3 washes in PBS and the
re-addition of medium without tetracycline. All cell lines were cultured in an incubator at 37°C
and 5% CO2. Cells were passaged by removal of old media and a PBS wash. PBS was removed
and 500 µL of trypsin (2.5X diluted in PBS) was added to the culture dish. Trypsin treated cells
were incubated at 37°C and 5% CO2 for 3 mins to ensure cell detachment. Detached cells were
resuspended in 2 mL fresh media and the correct number of cells was re-plated into a new
plate with 10 mL fresh media. Cells were counted using a haemocytometer.
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2.2.1.3 Cell synchronisation
Cell lines were synchronised and maintained in S-phase by treating cells with 2.5 mM
thymidine for at least 24 hours. Cells were synchronised and maintained at prometaphase
with monopolar spindles using 10 mM STLC for at least 16 hours. Cells were synchronised for
mitosis by arresting first in S-phase and releasing into fresh medium for 8 hours. Cells were
synchronised and maintained at prometaphase with bipolar spindles by first arresting in Sphase and then releasing into 40 µM proTAME and 20 µM APCin. Cells were synchronised
and maintained in G2-phase using 1 µM RO-3306 for at least 24 hours.

2.2.1.4 Generation of Flp-In™ cell lines expressing the tFTs
hTERT-RPE1-Flp-In™ T-REx™ cells from ThermoFisher Scientific were created previously in the
lab so that their genome contains a single FRT integration site and are constitutively
expressing a Tet repressor under the control of the human CMV promoter. These RPE1-FlpIn™ T-REx™ cells were co-transfected with the pOG44 plasmid containing the FLP
recombinase, and a pcDNA5/FRT/TO expression vector containing the AurKA-mRubymNeonGreen or AurKB-mRuby-mNeonGreen constructs and conferring neomycin resistance
[Fig 2-1]. After co-transfection, neomycin resistant clones were selected for and pooled
together. In generating U2OS AurKA-mRuby-mNeonGreen and AurKB-mRuby-mNeonGreen
stable cell lines, U2OS-Flp-In™ cells which include a single FRT integration were used. These
cells were co-transfected with the pOG44 plasmid containing the FLP recombinase, and a
pcDNA5/FRT/TO expression vector containing the AurKA-mRuby-mNeonGreen or AurKBmRuby-mNeonGreen construct and conferring hygromycin B resistance.
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Figure 2-1 The RPE1-Flp-In™ T-REx™ system for creating stable cell lines
(Taken from: Generation of Isogenic Expression Cell Lines using Flp-In™ T-Rex™ System – UK
https://www.thermofisher.com/uk/en/home/references/protocols/proteins-expression-isolation-andanalysis/protein-expression-protocol/generation-of-isogenic-expression-cell-lines-using-flp-in-t-rexsystem.html).

2.2.2 Electroporation
Transfections were carried out by electroporation using the Life Technologies Neon® system.
Prior to electroporation, cells were passaged the previous day to ensure at least 80%
confluency on the day of electroporation. One 80% confluent 10 cm dish was used for each
electroporation condition using a 100 µL transfection tip. Cells were trypsinised as described
previously, pooled together, and washed once in PBS and once in HBSS. Between washes,
cells were centrifuged at 600 rcf for 3 mins to pellet cells before aspiration of the old medium.
After the HBSS wash, the pellet of cells is resuspended in a volume equal to 120 µL X the
number of electroporation conditions of fresh HBSS. 120 µL of the cells in HBSS is then added
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to each of the DNA/siRNA electroporation conditions. 1 µg of DNA or siRNA is used per
condition. The electroporation chamber is filled with 3 mL of Buffer E (supplied with the
Neon® system). The cell, HBSS and DNA/siRNA mixture is then electroporated using a 100 µL
tip. Electroporation was carried out according to the manufacturer’s instructions using an
electroporation setting that has been optimised previously in the lab (1150V, 2 pulses with
30 ms width). Electroporated cells were washed once in fresh media before being counted
and plated for experiments or clonal selection. Cells were allowed 24 hrs after plasmid
transfection to recover prior to the beginning of experimental treatment, including
synchronisation. Cells transfected with siRNA were allowed 24 hrs after plasmid transfection
to recover prior to the beginning of experimental treatment, including synchronisation.

2.2.3 Immunoblotting (IB)
2.2.3.1 Immunoblotting buffers used
Table 2-13 Immunoblotting buffers used

Buffer

Composition

Blocking buffer (BSA)

3% (w/v) milk BSA, PBST

Blocking buffer (milk)

5% (w/v) milk powder, PBST

Fluorescence buffer

5% (w/v) FBS, 0.01% (w/v) SDS, PBST

Lysis Buffer

1% Triton X-100, 150 mM NaCl, 10 mM Tris–HCl at pH 7.5, EDTA-free
protease inhibitor cocktail, and PhosSTOP™ phosphatase inhibitor, PBS

PBST

0.1% (v/v) Tween-20, PBS

Transfer buffer

1X NuPage® transfer buffer, 10% (v/v) ethanol, dH2O

2.2.3.2 Lysate extraction and immunoblotting
Mitotically arrested cells were harvested by scraping the culture plate using cell scrapers. The
loose and detached cells were then collected and centrifuged at 600 rcf for 3 mins. Media was
aspirated and the pellet is washed in PBS. After PBS wash, the cells were resuspended in lysis
buffer. Attached cells were harvested by aspirating away old media, covering with lysis buffer,
and scraping the culture plate using cell scrapers. The lysate was then collected. For
investigating phosphoproteins, lysis buffer was used. Lysates were then kept on ice for 30
mins, before being centrifuged at 14,000 rcf (4°C) for 10 min and the supernatant collected.
Supernatants were then diluted with NuPage® LDS (4X) sample buffer. All other proteins were
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lysed using NuPage® LDS Sample buffer (4X) with 10 mM DTT as the lysis buffer, then syringed
through a 27-gauge needle to shear the DNA, and then heated at 95°C for 10 mins.
The proteins in the cell lysate and the protein ladder were separated using SDS-PAGE using 412% pre-cast NuPage® gels. Extracts were run at 150 V for 90 min in NuPage® MOPS SDS
Running Buffer. Proteins were then transferred to Immobilon-P or Immobilon-FL membranes
depending on if HRP-conjugated or fluorescent secondary antibodies were used respectively.
The transfer was done first by activating the membrane using 100% methanol for 5 min and
then equilibrated in transfer buffer for 5 min at room temperature. The transfer was carried
out in transfer buffer at 30 V for 2 hours in an XCell IITM Blot Module according to the
manufacturer’s instructions. After transfer, membranes were blocked whilst on a roller in
blocking buffer (BSA for phosphoproteins, milk for the rest) for 1 hour at room temperature.
Membranes were next treated with primary antibodies diluted in blocking buffer for 1 hour
at room temperature or 16 hours at 4°C. Following 3 washes with PBST, each lasting 5 min,
secondary antibodies diluted in blocking buffer (HRP conjugated secondary) or fluorescence
buffer (immunofluorescent secondary) were applied to membranes for 1 hour at room
temperature. Membranes were then washed again 3 times with PBST prior to addition of
chemiluminescent HRP substrate. Membranes were imaged either using x-ray exposure or
with an Odyssey® Li-COR Imaging System (LI-COR Biosciences). X-ray films were scanned and
analysed in ImageJ whilst Li-COR images were analysed in Image Studio. Blots were quantified
in Image Studio by measuring the fluorescence intensity in a region of interest (ROI) around
the specified band. The background was automatically subtracted based on median
fluorescence intensity in an area above and below the selected ROI.

2.2.4 Immunofluorescence (IF)
2.2.4.1 Immunofluorescence buffers used
Table 2-14 Immunofluorescence buffers used

Buffer

Composition

Blocking buffer

0.1% (v/v) TRITON-X100, 3% (w/v) BSA, PBS

PFA permeabilization buffer

0.25% (v/v) TRITON-X100, PBS

Wash buffer

0.1% (v/v) TRITON-X100, PBS
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2.2.4.2 Fixing
Cells were grown on glass coverslips in 6-well tissue culture plates for IF at a density of
200,000 cells per well. Cells were fixed either by paraformaldehyde (PFA) or methanol. For
PFA, coverslips were first washed in 37°C PBS before being fixed in 4% PFA diluted in PBS for
10 mins at room temperature. Coverslips were then washed two times in PBS and quenched
in 50 mM NH4Cl diluted in PBS for 10 mins before two final PBS washes. For methanol fixation,
coverslips were first washed in 37°C PBS before being fixed in -20°C methanol. Coverslips
were stored with the methanol at -20°C until staining.

2.2.4.3 Staining
Methanol fixed cells were rehydrated and washed with PBS whilst PFA fixed cells were
permeabilized with permeabilization buffer. Coverslips were then blocked with blocking
buffer for 15 mins at room temperature. Coverslips were transferred to a humidity chamber
and primary antibodies diluted in blocking buffer were added to the coverslips for 90 mins
incubation. Coverslips were transferred back into 6-well tissue culture plates for three washes
in wash buffer. After the washes, coverslips were transferred into the humidity chamber again
and incubated for 45 mins with secondary antibody diluted in blocking buffer. Coverslips were
transferred back into the 6-well tissue culture plates and washed once in wash buffer before
the addition of Hoechst-33342 dye (1 µg/mL) diluted in wash buffer. Cells were washed one
final time in PBS before being mounted onto microscope slides.

2.2.5 Cloning and molecular biology
2.2.5.1 Cloning and molecular biology buffers and reactions mixtures
Table 2-15 Cloning and molecular biology buffers and reactions mixtures used

Buffer or reaction mixture

Ingredients

Ligation reaction mixture

3:1 DNA insert:backbone vector (w/w), 2.5 U T4 DNA ligase, T4 DNA
ligation buffer
See section
2 µg DNA, 10U restriction enzyme, 1X restriction enzyme buffer,
ultrapure water,
40 mM Tris acetate, pH 8.4, 1 mM EDTA, ultrapure water

PCR reaction mixture
Restriction digest mixture
TAE buffer
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2.2.5.2 DNA purification, digestion and ligation
DNA was separated in 1% agarose gel (0.2 µg/mL ethidium bromide) by electrophoresis in
TAE buffer at 100 V. DNA fragments were excised and purified using QIAquick® Gel Extraction
kit according to manufacturer’s instructions. Digestions were carried out in 20 µL reaction
volumes for 2 hours at 37°C according to the restriction enzymes’ manufacturer’s
instructions, and backbones were subject to 30 min 37°C calf intestinal phosphatase (10 U)
treatment prior to ligation. Digested DNA fragments and vectors were ligated using T4 Rapid
DNA Ligation kit according to manufacturer’s instructions. Plasmid mini and midi-preps were
carried out using the Qiaprep® Spin Miniprep kit and QIAfilter™ Plasmid Midi kit respectively
according to manufacturer’s instructions.

2.2.5.3 Bacterial transformation
50 µL DH5α E. coli was used for transformation with 500 ng of DNA. Bacteria were kept on ice
for 15 min and then heat shocked at 42°C for 60 s before incubating in 800 µL Luria Broth for
1 hour. Transformants were then plated onto Luria Broth agar with an appropriate antibiotic
(Kanamycin 50 µg/mL or Ampicillin 100 µg/mL). Colonies were picked and amplified in 3 mL
LB with antibiotic overnight before transfer into 50 mL LB with antibiotic prior to DNA
extraction.

2.2.5.4 Site directed mutagenesis
A point mutation was required to remove a BamHI site from the PCDNA5 AurKA/B-mRubymNeonGreen plasmid to enable modifications and use of the tFTs in future experiments.
Forward and reverse primers [Table 2-4] were designed containing the point mutation at the
BamHI site, the design of the primer ensured that the linker length between the mRuby and
mNeonGreen remain unchanged. Two PCR stages with the assistance of Camilla Ascanelli
were used to generate the correct mutated fragment from pcDNA5-mRuby. The first stage
utilised 2 PCR reactions [Table 2-16, 2-17] that generated two fragments which overlapped
over the mutagenesis site. The second PCR reaction stage [Table 2-18, 2-19] anneals the two
fragments together from the first step in step 1 by denaturing for 2 min at 98°C and then
cooling on ice for 2 min. Step 2 of the second PCR reaction elongates the annealed fragments
and step 3 amplifies and adds flanking sequences containing new restriction sites to the
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fragments. This resulted in the complete DNA sequence with the point mutation which was
subsequently cloned into the PCDNA5 AurKA/B-mRuby-mNeonGreen plasmid.

2.2.5.5 Reagents for 1st stage PCR
Table 2-16 Reagents for 1st stage PCR used

Reagents

5’ Fragment Volume (µL)

3’ Fragment Volume (µL)

10 µM Fwd Primer

2.5 (Primer 1.11)

2.5 (Primer 1.2)

10 µM Rev Primer

2.5 (Primer 2.1)

2.5 (Primer 2.11)

10 mM dNTPS

1

1

5x GC enhancer

10

10

5X Q5 buffer

10

10

dH2O

22.5

22.5

Q5 polymerase

1

1

2.2.5.6 Thermocycling conditions for 1st stage PCR
Table 2-17 Thermocycling conditions for 1st stage PCR used

Step

Temperature (°C)

Time (s)

1

98

30

2

98

10

3

45

30

4

72

30

5

Repeat steps 2-4 3 times

6

98

10

7

58

10

8

72

30

9

Repeat steps 6-8 17 times

10

72

5

Hold

4

-
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2.2.5.7 Reagents for 2nd stage PCR
Table 2-18 Reagents for 2nd stage PCR used

Step

Reagents

Volume (µL)

1

dH2O

19.5

1

5X Q5 buffer

10

1

5x GC enhancer

10

1

Upstream fragment

1

1

Downstream fragment

3

2

10 mM dNTPs

1

2

Q5 polymerase

0.5

3

mRuby Fwd tFT primer

2.5

3

mRuby Rev tFT primer

2.5

2.2.5.8 Thermocycling conditions for 2nd stage PCR
Table 2-19 Thermocycling conditions for 2nd stage PCR used

Step

Temperature (°C)

Time (s)

1

98

30

2

98

10

3

50

30

4

72

30

5

Repeat steps 2-4 3 times

6

98

10

7

65

30

8

72

30

9

Repeat steps 6-8 17 times

10

72

5

Hold

4

-

2.2.6 Live cell and immunofluorescence imaging, and downstream analysis
2.2.6.1 Live cell imaging
Cells were seeded onto 8-well Ibidi chamber slides in complete growth media at a density of
30,000 cells per-well 24-48 hours prior to filming. On the day of filming, growth media was
removed and replaced with 200 µL filming media. Drugs that needed to be added were made
in 200 µL filming media at 2 X concentration. Imaging was carried out on an Olympus CellR
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platform made up of an Olympus IX81 motorized inverted microscope with a 40 X NA 1.3 oil
immersion objective lens, a Hamamatsu ORCA-CCD Camera, a motorised stage (Prior
Scientific), CoolLED- pE-4000 illumination system, and a 37°C incubation chamber (Solent
Scientific). Micro-Manager was used to acquire and manage the images. A binning of 2 was
used for image acquisition, the exposure and intensity of the excitation laser was adjusted
accordingly in each experiment to avoid saturating the signal measured. Images were
acquired as a stacked TIFF format for downstream analysis.

2.2.6.2 IF imaging
Cover slides were imaged using an Olympus IX83 motorized inverted microscope with a 60X
NA 1.0 oil immersion lens, Spectra-X multi-channel LED widefield illuminator (Lumencor),
Optospin filter wheel (Cairn Research), CoolSnap MYO CCD camera (Photometrics),
automated XY stage (ASI) and climate chamber (Digital Pixel). Micro-Manager was used to
acquire and manage the images. A binning of 2 was used for image acquisition, the exposure
and intensity of the excitation laser was adjusted accordingly in each experiment to avoid
saturating the signal measured. Images were acquired with z-stacks 1 µM (0.2 or 0.4 µM
steps) above and below the plane of focus in a stacked TIFF format for downstream analysis.

2.2.6.3 tFT analysis
For time-lapse assays, positions of cells were selected under the microscope and time-lapse
images were acquired every 10 mins, otherwise a single time-point image was taken for each
position. tFT time-lapse and single time-point images were analysed in FIJI using the
Multi_Measure macro developed by Andrew Ying. For each cell at each time-point, a series
of three circular regions (30 pixel) of interest (ROI) were selected using the macro. The first in
the nucleus, the second in the cytoplasm, and the third just outside the cell. The macro then
calculates the area, mean, and total fluorescent intensities in all channels for the first and
second ROI after subtracting the values in the third ROI as background. Each cell was then
analysed through time using the macro for time-lapse assays. The measured values were
imported into Excel and the tFT ratio for the nucleus and cytoplasm was calculated by dividing
the total fluorescent intensity of the ROI in the red mRuby channel by that of the green
mNeonGreen channel. The tFT ratios were then in silico synchronised relative to anaphase
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onset and plotted against time. For measuring the CDK2 sensor ratio, the same macro was
used to measure the sensor intensity ratio in the nucleus and the cytoplasm.

2.2.6.4 Degradation assays
Positions of cells were selected under the microscope and time-lapse images were acquired
every 10 mins. Drugs were added immediately after the first time-point of image acquisition.
For whole-cell degradation assays, an ROI was drawn manually around the cell and the total
fluorescence intensity was measured. The same ROI was then used to calculate the
background intensity just outside of the cell. The measurements were taken for each cell and
at each relevant time-point. Nuclear degradation was calculated in a similar way except for
the ROI being manually drawn around the nucleus. The measurements were imported into
Excel and the background was subtracted from each measurement to produce the net
intensities. Percentage degradation was calculated in Excel as 100 X (IntensityT-Start-IntensityTEnd)/

IntensityT-Start. Percentage remaining was calculated as 100 X (IntensityT-Start/ IntensityT-

End).

IntensityT-Start and Intensity-End being the net fluorescence intensity in the ROI at the start

or end time-point respectively.

2.2.6.5 IF analysis
The z-stack of TIFF images was imported into FIJI and the z-stacks were projected based on
maximum intensity. Fluorescence intensity was measured by using the Multi_Measure macro
and selecting the ROI to be measured and the background. Manual measurements were also
taken at times to measure intensities within ROIs. Centrosome ROI was selected as a 5 or 15pixel diameter circle centred on the brightest centrosome. Spindle ROI was selected as a 35pixel diameter circle just adjacent to the centrosome towards the metaphase plate. The
cytoplasmic ROI was selected as a 15-pixel diameter circle just off and adjacent to the
spindles. The background was measured outside of the cell using the same size ROI for each
respective measurement. Fluorescence intensities were imported into Excel where the
background values are subtracted to produce the net intensities. Line-scan analysis was done
by using the ‘line draw’ macro to draw a fixed length line between the two spindle poles with
the centre of the line centred at the metaphase plate, and the intensities were measured
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using the Multi-Channel Plot function from the BAR package (Ferreira et al., 2015). The
intensities were imported into Excel before being plotted in Prism.

2.2.7 pH experiments
High K+ buffer solution was made with: KCl (140 mM), MgCl2 (1 mM), CaCl2 (1 mM), and αglucose (5 mM) using MilliQ water. pH buffers were made using HEPEs conjugate acid-base
pairs to a final concentration of 200 mM at 25°C. pHs were made to be at 6.6, 6.9, 7.2, 7.5
and

7.8

at

37°C

using

an

online

calculator

(http://www.biomol.net/en/tools/

buffercalculator.html). The pH buffers were then diluted 1:10 in the high K+ buffer solution to
give the final desired pH of K+ buffer solution containing 20mM HEPEs. U2OS-CDK2S cells were
transfected with the SEpHluorin-mCherry pH sensor and given 24 hours to recover.
Intracellular pH was then clamped by bathing the cells in the high K+ buffer of the desired pH
in the presence of 10 μg/mL Nigericin for 5 mins prior to fluorescent image acquisition.
Whole-cell SEpHluorin and mCherry intensities and their respective backgrounds using the
same ROIs outside the cell were measured and imported into Excel. The SEpHluorin-mCherry
pH sensor ratio was calculated by dividing the net SEpHluorin intensity by the net mCherry
intensity.

2.2.8 Z-Lyte kinase inhibition assay
AurKA and AurKB biochemical assays were performed as part of the ThermoFisher
SelectScreen kinase profiling service. These assays were in the Z’-Lyte activity format and used
full-length purified protein without interacting partners and ATP at Km (10 μM for AurKA, 75
μM for AurKB). The 2X AurKA and Ser/Thr 01 mixture was prepared in 50 mM HEPES pH 7.5,
0.01% BRIJ-35, 10 mM MgCl2, 1 mM EGTA. The final 10 µL Kinase Reaction consisted of 0.75 3.64 ng AurKA and 2 µM Ser/Thr 01 in 50 mM HEPES pH 7.5, 0.01% BRIJ-35, 10 mM MgCl2, 1
mM EGTA. After the 1 hour Kinase Reaction incubation, 5 µL of a 1:4096 dilution of
Development Reagent A is added. The 2X AurKB and Ser/Thr 01 mixture was prepared in 50
mM HEPES pH 7.5, 0.01% BRIJ-35, 10 mM MgCl2, 1 mM EGTA. The final 10 µL Kinase Reaction
consisted of 3.5 - 34.8 ng AurKB and 2 µM Ser/Thr 01 in 50 mM HEPES pH 7.5, 0.01% BRIJ-35,
10 mM MgCl2, 1 mM EGTA. After the 1 hour Kinase Reaction incubation, 5 µL of a 1:4096
dilution of Development Reagent A is added.
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2.2.9 Statistical analysis
Data analyses were performed in Prism. Results were tested for normality using the
D'Agostino & Pearson test. Data were analysed using Student’s t-test or Mann-Whitney Utest for parametric or non-parametric data respectively. Multi group data were analysed with
ordinary one-way ANOVA or Kruskal-Wallis ANOVA for parametric or non-parametric data
respectively. Significant results are indicated as p < 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001(***) or p
≤ 0.001(****). Values are stated as the mean ± standard deviations unless otherwise stated.
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Chapter 3 Understanding and selecting a tandem fluorescent timer
tag for AurKA stability
3.1 Introduction
One of the novel methods of studying protein age is the use of tandem fluorescent timer tags
(tFTs) as developed by the Knop lab in 2012 (Khmelinskii et al., 2012). tFTs work by utilising
the tagging of a protein of interest with two distinct fluorophores in tandem. The tFT would
use a combination of a fast-folding green fluorophore (fast green FP) and a slow folding red
fluorophore (slow red FP) that differ in their maturation kinetics. Since tFTs provide a readout
of the average age of the protein pool in the cell, which is determined by its rate of turnover,
tFTs also facilitate the study of the kinetics of protein turnover.
For a FP to fluoresce, the nascent FP peptide must undergo a maturation process that involves
the processes of peptide cyclization, dehydration, and oxidization of the residues within the
chromophore (Heim et al., 1994). The maturation half-life of a FP is defined as the time taken
for half the maximum fluorescence of a sample to occur. Therefore, in the case of a tFT, two
FPs with different maturation half-lives can reveal temporal information. If both FP peptides
are translated at the same time, the fast green FP would fluoresce first, and only after a longer
period of time has elapsed, would the second slow red FP fluorescence be observed. Based
on this principle, Khmelinskii et al. utilised tFTs as a proof-of-concept of studying protein
dynamics in yeast (Khmelinskii et al., 2012). They demonstrated that Spc42, a component of
the spindle pole body (SPB) tagged to a tFT consisting of fast folding sfGFP and a slow folding
mCherry FP can reveal the age-dependent segregation of the SPB into the mother and
daughter cells during mitosis. In this case, the daughter cell which receives the old SPB would
have a greater mCherry to sfGFP fluorescence intensity ratio (tFT ratio) compared to the
younger SPB retained in the mother cell as the new SPB has not yet had the time for the
mCherry to fully mature. Taking this a step further, they managed to look at the N-end rule
stability of tFTs by measuring the mCherry to sfGFP tFT ratio of constructs expressing different
pro-N-degrons. The more destabilising degrons had a lower measured tFT ratio, indicating
decreased stability. In addition, they were able to use tFTs to screen for components of the
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N-end rule pathway in yeasts by looking at which genes after deletion increases the stability
of the constructs.
In 2013, tFTs were used again to study how self-generated local gradients of chemokines are
established to enable self-determined directional migration in the zebrafish lateral line
primordium (Donà et al., 2013). By tagging the cell surface receptor, Cxcr4b, that internalises
the chemokine Cxcl12a with a tFT, spatial visualisation of the tFT ratios can be observed along
the primordium. It was shown that the leading edge of the primordium had a lower tFT ratio
compared to the trailing edge, indicating that there was greater Cxcl12-mediated
internalisation of Cxcr4b at the leading edge. The internalisation dynamics was then studied
by knocking down another receptor Cxcr7, showing that Cxcr7 activity is required to pattern
chemokine activity across the primordium. It is clear that tFTs can have practical uses in
studying protein age and stability in physiological functions and processes, and the focus of
this chapter will be the stability of AurKA.
AurKA’s destruction at mitotic exit and at G1 is believed to be dependent on the APC/Ccdh1
(Lindon et al., 2015) but all the interactions and partners which may play a role in affecting its
stability are still not fully understood. For example, besides the interacting partners TPX2
(Giubettini et al., 2011) and Myc (Brockmann et al., 2013), other interactions like Src and Yap
have been reported (Barretta et al., 2016; P. Wang et al., 2019). Furthermore, other studies
have suggested alternative pathways for AurKA degradation, including ubiquitin-mediated
degradation by Chfr and Fbxw7 (Mao et al., 2004; Yu et al., 2005) and ubiquitin-independent
means by Aurora A kinase interacting protein 1 (AURKAIP1) (Lim & Gopalan, 2007). The
motivation to study AurKA is because its overexpression has often been associated with
cancer phenotypes even in the absence of gene amplification (Gritsko et al., 2003). Improving
our understanding of AurKA stability can open up further avenues for therapeutic
intervention and crucial to this understanding is having the right tools to report AurKA
stability. Therefore, the aim of this chapter was to explore if tFTs can be used to report on the
stability of AurKA.
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3.2 Using mathematical models to understand the behaviour of tFTs
The measured ratio of slow red FP fluorescence intensity to fast green FP fluorescence
intensity gives the tFT ratio, which can be used as a readout for the age of the protein
population, that reflects the stability of the protein pool. However, the assumption must be
made that the population of the protein is at a steady state. This means that the amount of
protein is not changing, i.e., it is produced at the same rate at which it is degraded. Under this
assumption of steady state, the tFT ratio of the protein is independent of the rate of
production since the slow and fast FP are produced at the same rate. Therefore, the tFT ratio
is only affected by the rate of degradation as the lifetime of the protein determines how much
of the slow FP has matured and is fluorescent. The steady state is achieved because protein
degradation generally follows first order degradation kinetics, meaning that the amount of
degradation is proportional to the amount of protein for any given degradation constant
(Schimke & Doyle, 1970). Therefore, the greater the protein production, the greater the
degradation until an equilibrium is achieved and the protein reaches a steady state. Any
changes in the production or degradation rate of the protein would perturb the current
steady state until a new equilibrium is reached. In order to better understand how changes
in production rate and degradation rate affect the tFT ratio and the individual intensities of
the FPs, mathematical modelsFastFP
were used to help
visualise the different scenarios.
SlowFP
n

FP maturation

m

n>m

To model the behaviour of the tFTs, a set of differential equations based on the modelling
work of Khmelinskii (Khmelinskii et al., 2012), were used to represent the production,
maturation, and degradation of the FPs [Fig 3-1, and Fig 3-2].

k
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p

POI
POI
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Figure 3-1 Model of the production, maturation, and degradation of the tFT attached to a protein of interest
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POI is produced at the rate constant p. The fast green FP matures at a constant rate m, and the sequential
maturation steps of the slow red FP can be described as m1 and m2. The degradation rate of the POI is k. Figure
adapted from (Khmelinskii et al., 2012).

In this model [Fig 3-1], the POI is produced at the rate constant p, where neither the fast green
FP or the slow red FP have matured. Once the protein has been produced, the fast green FP
matures at a constant rate m, which is independent of the maturation of the slow red FP, that
can be described as a two-step process (Miyawaki et al., 2012). The sequential maturation
steps of the slow red FP can be described as m1 and m2. The POI, at all stages of its FP
maturation step can be degraded with the degradation rate k.
A series of differential equations [Fig 3-2] were used to describe the number of proteins of
interest at each stage of the maturation stage, represented by the different species. The tFT
ratios can therefore then be calculated based on the number of mature fast green FPs and
mature slow red FPs.

Species present:
!"#!∶ Number of proteins of interest with immature unfolded fast folding GFP
!"#"∶ Number of proteins of interest with mature folded fast folding GFP
<"#!∶ Number of proteins of interest with immature unfolded slow folding RFP
<"##∶ Number of proteins of interest with intermediate folded slow folding RFP
<"#"∶ Number of proteins of interest with mature folded slow folding RFP
Differential equations to represent how species change with time:

>!"#!
= A − C!"#! − D!"#!
>?
>!"#"
= D!"#! − C!"#"
>?
><"#!
= A − C<"#! − D$ <"#!
>?
><"##
= D$ <"#! − C<"## − D% <"##
>?
><"#"
= D% <"## − C<"#"
>?
Figure 3-2 The species and the differential equations used in the modelling of the behaviour of the tFTs
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Using MATLAB (see Supplementary code 1 and 2) and the species and equations described in
Fig 3-2, I tested how the tFT ratio varied with perturbations in protein production p and
protein degradation d. In the first scenario, I modelled how the number of species of mature
fast green FPs (GFPm) and slow red FPs (RFPm) attached to the protein changed over time and
how the tFT ratio (RFPm/GFPm) changed upon induction from time 0 [Fig 3-3]. Parameters for
the production and degradation rates were both set to 1, whilst the maturation kinetics were
kept at m=3, m1 = 1, m2 = 1 initially. The model showed that as the protein is synthesised, the
fast green FP matures quickly so GFPm intensity increases quickly whilst the slow red FP
matures slowly, leading to a slow increase in RFPm intensity. Therefore, the initial tFT ratio is
low and then increases over time as the RFPm increases. Eventually, a steady state is achieved
where the turnover of protein is the same as the amount produced because degradation is
proportional to the amount of protein existing. When steady state is achieved, the amount of
GFPm and RFPm remains constant so the tFT ratio also remains constant.
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Figure 3-3 Maturation of the tFT species
How the species of mature GFPm (green), RFPm (red), and tFT ratio (orange) evolve over time after initial synthesis

Next, I began to model how the GFPm, RFPm and tFT ratios change if I altered production,
degradation, and maturation rates [Fig 3-4]. To do this, each of the parameters for
production, degradation, and maturation rate was changed to a greater or lower value one
at a time.
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Figure 3-4 Modelled tFT behaviour after changing parameters
How the species of mature GFPm (green), RFPm (red), and tFT ratio (orange) evolve over time after initial synthesis
when parameters are varied. A-C: The production rate of the protein p is changed. D-F: the degradation rate of
the protein k is changed. G-I: The maturation rate m of the fast green FP is changed. J-L: The maturation rate m1
of the slow red FP is changed.

64

If the rate of production p of the protein is changed [Fig 3-4A-C], modelling predicts that there
is no effect on the steady state tFT ratio, and it remains constant at around 0.333. This is
because if we increase p from 1 to 2 [Fig 3-4B], we are increasing the production of GFPm and
RFPm by the same factor as they are present in the single polypeptide chain. Therefore, the
only effect is that the steady state levels of GFPm and RFPm are higher whilst the tFT ratio
remains the same. Conversely, decreasing p [Fig 3-4C] also has no effect on the steady state
tFT ratio, and just decreases the levels of GFPm and RFPm.
However, if the degradation rate k of the protein is altered [Fig 3-4D-F], the model shows that
the tFT ratio is dependent upon, and capable of, reporting the differences. If we increase the
degradation rate [Fig 3-4D], we see a decrease in the levels of GFPm and RFPm at steady state
since protein is turned over quicker, so the equilibrium achieved has lower amounts of
protein. As the protein is turned over quicker, less slow red FP can mature before being
degraded whilst fast green FP is less affected due to faster maturation. Therefore, when
degradation rate k is increased, RFPm levels are decreased more than GFPm at steady state so
the tFT ratio is also decreased at steady state (0.333 → 0.185). Decreasing the degradation
rate k [Fig 3-4F] gives the opposite result since more of the slow FP can mature before being
degraded and RFPm is increased proportionally more than GFPm in the population pool of
proteins. Therefore, the tFT ratio is increased at steady state (0.333 → 0.519).
Next, if we change the maturation time of the fast green FP m, the modelling shows that an
increase in the maturation rate leads to higher levels of GFPm [Fig 3-4H]. This is because more
FP can mature before it is degraded, so the steady state GFPm levels are higher. Since RFPm
levels are unaffected, the steady state ratio decreases (0.333 → 0.292). Conversely,
decreasing the maturation rate leads to decreased steady state GFPm levels and an increase
in tFT ratio (0.333 → 0.412) [Fig 3-4I]. The maturation rate of the slow red FP also affects the
RFPm amount and tFT ratios at steady state [Fig 3-4J-L]. In this case, increasing the maturation
rate of one of the steps m1 leads to an increase in the steady state RFPm amount since more
slow red FP can mature before it is degraded. This in turn leads to an increase in steady tFT
ratio (0.333 → 0.444) [Fig 3-4K]. Decreasing the rate of maturation of the slow red FP leads
to decreased steady state levels of RFPm and therefore tFT ratio (0.333 → 0.222) [Fig 3-4L].
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As can be seen, the amount of GFPm, RFPm and tFT ratios can vary depending on numerous
factors once production has been induced from initial conditions where there are no existing
proteins. However, it is interesting to model how the GFPm, RFPm and tFT ratios respond to
perturbations in production and degradation rates once a steady state is already achieved.
To do this, the model was programmed to run until a steady state was achieved. Then at Time
= 10, the model simulated a change in production rate p or degradation rate k until a new
steady state was achieved [Fig 3-5]. In the first scenario where the rate of production p
increased once steady state had been achieved [Fig 3-5A], there was an immediate increase
in the amount of GFPm and RFPm. A new steady state was achieved once the degradation of
protein matched the amount being produced. Once again like before, the tFT ratio was
unchanged at steady state despite a transient decrease in tFT ratio immediately after the
change in p. A reduction in production rate p at steady state showed the opposite with levels
of GFPm and RFPm decreasing and reaching a lower steady state. There was also a transient
increase in tFT ratios before settling to the same steady state level [Fig 3-5B]. On the other
hand, increasing the degradation rate k produced a decrease in steady state levels of GFPm
and RFPm whilst also decreasing the steady state tFT ratio [Fig 3-5C]. Decreasing the
degradation rate k causes an increase in steady state levels of GFPm and RFPm whilst also
increasing the steady state tFT ratio [Fig 3-5D].
These results confirmed that, at steady state, the tFT ratio is only affected by the degradation
rate k whereas the actual amounts of GFPm and RFPm can vary in accordance with changes in
production p and degradation k. Furthermore, at steady state, changes in production rate p
can cause transient changes in tFT ratios before returning the tFT ratio to steady state [Fig 35A, B]. This ability of changes in production to affect the tFT ratio transiently must be taken
into account when there is not a steady state. However, to mitigate this, production can be
kept constant by means of an exogenous promoter so that observed tFT changes are only as
a result of changes in degradation rate. tFTs can therefore be a useful tool in investigating
processes that affect protein stability and provide rapid readouts from a single measurement
at steady state. With the better understanding gained from this modelling work of how the
theory of tFT works, the next stage was to create the tFT construct for AurKA in order to
measure AurKA stability.
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Figure 3-5 Modelled tFT behaviour after changing parameters at steady state
How the species of mature GFPm (green), RFPm (red), and tFT ratio (orange) evolve over time after a change in
production rate p or degradation rate k at time T = 10 once steady state has already been established. A) The
rate of production p is increased. B) The rate of production p is decreased. C) The rate of degradation k is
increased. D) The rate of degradation k is decreased.
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3.3 Identifying the optimal FP combination for an AurKA tFT construct
When seeking to use tFTs in order to measure a protein’s stability, it is important to consider
which combination of fast green FP and slow red FP to utilise as part of the tandem pair. One
of the key factors that must be taken into consideration are the maturation kinetics of the
FPs. For tFTs to be optimal and tuned to have the greatest sensitivity in detecting changes in
stability, the two FPS must have different maturation times. In addition, the fast green FP
should have as fast a maturation time as possible in order to best represent the tFT ratio. This
is because if proteins are degraded before the fast FP has matured, it would be difficult to
distinguish the degradation from the lack of maturation. On the other hand, it is also
important that the slow folding FP has a maturation time comparable to the half-life of the
protein of interest. As an example, in theory, if the slow red FP had a too fast maturation time
and would mature before it could be degraded, the tFT ratio would not change if the
degradation rate were decreased. The sensitivity of the tFT to changes in degradation rates
as determined by the maturation rate of the slow folding FP can be shown in Fig 3-6 where
the degradation rate is decreased. It can be seen that in the case where m1 and m2 is at 1 [Fig
3-6A], the tFT ratio changes from 0.333→ 0.519, a 1.6-fold increase when degradation rate is
changed from 1 to 0.5. If the rate of slow FP maturation is increased so that m1 and m2 is at 4
[Fig 3-6B], the tFT ratio changes from 0.853→ 0.922, a 1.08-fold increase, when degradation
rate is changed from 1 to 0.5.
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Figure 3-6 Maturation of the slow red FP is important
How the sensitivity to changes in degradation rate is affected by the maturation rate of the slow FP. A) m1 and
m2 is at 1. B) m1 and m2 is at 4.

Other factors that must be considered when picking the combination of FPs is that their
emission spectra should not overlap and that fluorescence resonance energy transfer (FRET),
which is the distance-dependent excitation of one acceptor FP by the emission of another
donor FP, should be minimized. The energy transfer is from the higher energy, shorter
wavelength emitting FP to the longer wavelength emitting FP. In the case of tFTs, the fast
green FP and the slow red FP would be the donor and acceptor respectively. FRET results in a
reduction in the donor’s fluorescence intensity and excited state lifetime, and an increase in
the acceptor’s emission intensity (Sekar & Periasamy, 2003). Therefore, if FRET occurs
between the FP pair in the tFT, it can potentially increase the tFT ratio observed. The FPs
should also be bright enough so that there is a strong signal to background ratio when
measuring FP intensity. The FPs chosen should also not be prone to oligomerisation as they
can affect the localisation, function and degradation of the target protein (Thorn, 2017).
Finally, the two FPs must be insensitive to other cellular conditions such as fluctuations in pH
that can affect intensity.
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Prior work in the lab resulted in the creation of 10 plasmids containing different tFT
combinations C-terminally tagged to AurKA. The combination of tFTs utilised 5 different slow
folding red FPs with a range of different maturation times, in combination with 1 of 2 different
fast folding green FPs [Table 3-1]. Based on the knowledge of AurKA’s half-life being of 2 hours
(K. Honda et al., 2000), we would predict that FusionRed would be the most suitable slow red
FP, but since we don’t know what other factors might affect fluorescence readouts in the cell,
I set out to test all of the slow red FPs available to identify the most suitable for AurKA.
Table 3-1 Properties of potential FPs
Maturation Time
FP

(min)

pKa

Brightness 10-3 M-1 cm-1

Slow red FP
teRFP

100

3.8

49

mKate2

20

5.4

25

mRuby

168

4.4

39.2

40

4.5

15.8

130

4.6

18.1

6

5.5

1

<10

5.7

mCherry
FusionRed
Fast green FP
sfGFP
mNeonGreen

1.76 (Normalized to sfGFP)

The slow red and fast green FPs in the tFTs, along with some of their properties available for use. (Khmelinskii
et al., 2016; Kredel et al., 2009; Merzlyak et al., 2007; Shcherbo et al., 2009; Shemiakina et al., 2012; Talley
Lambert & Kurt Thorn, n.d.)

We started with the published tFT combination of mCherry-sfGFP (Khmelinskii et al., 2012).
Then following another publication from the same lab, it was decided to use mNeonGreen
because it was reported that sfGPP was susceptible to incomplete proteasomal degradation
due to the stability of its folding, thus skewing interpretation of tFT data (Khmelinskii et al.,
2016). mNeonGreen has similar properties but is less prone to incomplete degradation
(Khmelinskii et al., 2016). In addition, the arrangement of the FPs in the AurKA-tFT was
originally conceptualised so that the slow red FP is most proximal to the site of degradation
initiation, which is AurKA. Therefore, in the case of the C-terminally tagged AurKA, the tFT
order would be the slow red FP, followed by the fast green FP. This is done so that even if
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there is a probability of incomplete fast green FP degradation, the resulting product would
just be the free fast green FP, and not free fast green FP- slow red FP. In this case, a monotonic
relationship between the tFT ratio and stability of the protein can still be preserved. Moving
forwards, I tested the 5 different AurKA-tFTs: AurKA-teRFP-mNeonGreen, AurKA-mKate2mNeonGreen, AurKA-mRuby-mNeonGreen AurKA-mCherry-mNeonGreen, and AurKAFusionRed-mNeonGreen. In addition, the same 5 constructs were made in the lab for AurKB
to test if the tFTs would also work for AurKB [Fig 3-7].
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Figure 3-7 The AurKA and AurKB tFT constructs used

3.4 AurKA tFT ratio is correlated to cell cycle stage
As is known in the literature, the stability of both AurKA and AurKB is lowest during mitotic
exit and the G1 phase of the cell cycle where they are degraded by the APC/C and its coactivators (Carmena et al., 2009; H. G. Nguyen et al., 2005). Their levels and activity then peak
at the G2-M transition as they begin to play their mitotic roles, and because their degraders
are inactive (Pesin & Orr-Weaver, 2008). Therefore, knowing how AurKA and AurKB stability
varies through the cell cycle, I tested if the different tFTs could report on that stability at
different stages of the cell cycle.
To determine the cell cycle stage in single cells, we used U2OS cells stably expressing a CDK2
sensor (U2OS-CDK2S). The sensor was first used in studying cell fate after mitosis and
measured CDK2 activity upon mitotic exit (Spencer et al., 2013) [Fig 3-8A]. The sensor
comprises amino acids 994-1087 of DNA helicase B, which contains four consensus
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phosphorylation sites for CDK2/Cyclin A/E. In addition to the phosphorylation sites, the sensor
contains the fluorescent protein, mVenus, a nuclear localisation signal (NLS), and a nuclear
export signal (NES). However, previously in our lab, the mVenus tag was swapped for Cerulean
so that its emission did not overlap with that of the tFT FPs. Phosphorylation of the sensor
causes its translocation from the nucleus into the cytoplasm and therefore, as CDK2 activity
increases through the cell cycle, the ratio of the cytoplasmic/nuclear signal increases.
Knowing this, we can measure the cytoplasmic/nuclear ratio of the sensor intensity as a
readout for progression through the cell cycle [Fig 3-8B].

A

P

P

NLS

P

P

NES

DNA Helicase B (aa994-1087)

Cerulean

B
G0/G1-Phase

S-Phase

Low CDK2 activity

Intermediate CDK2 activity

G2/M-Phase

High CDK2 activity

Figure 3-8 The CDK2 sensor to reveal cell cycle progress
A) Schematic of the CDK2 sensor, made up from amino acids 994-1087 of DNA Helicase B, with 4 Serine
phosphorylation sites (yellow), a NLS, and a NES, tagged with a Cerulean FP. B) Top: Schematic of how the ratio
of the sensor’s nuclear/cytoplasmic ratio determines CDK2/Cyclin A/E activity and thus the stage of the cell cycle.
Nuclear/cytoplasmic ratio: >1 indicates G0/G1-Phase, ~1 indicates S phase, <1 indicates G2/M phase. Bottom:
Fluorescence microscopy images of different stages of the cell cycle with the CDK2 sensor.
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In order to test the tFTs and their ability to report on AurKA and AurKB stability throughout
the cell cycle, the U2OS-CDK2S cells were transfected with the different AurKA-tFT or AurKBtFT constructs using electroporation. Cells were transfected with the tFT construct plasmids
and left for 24 hrs to recover. This plasmid expresses the tFT constructs under a constitutive
CMV promoter so that production of the AurKA tFT should remain constant throughout the
cell cycle. The unsynchronised cells were then imaged on an epifluorescence imaging platform
in the 435 nm, 490 nm, and 550 nm channels to observe and measure the fluorescence
intensities of the Cerulean CDK2 sensor, fast green FP, and the slow red FP respectively [Fig
3-9].

A

B

C

Figure 3-9 Images of tFT transfected cells
Fluorescence microscopy of U2OS-CDK2S cells transfected with AurKA-mRuby-mNeonGreen with individual
channels shown. A) 435 nm excitation for the CDK2S. B) 490 nm excitation for the fast green FP. C) 550 nm
excitation for the slow red FP

Single time-point images were captured of cells at different stages of the cell cycle. Next, the
fluorescence intensities of a 30-pixel diameter ROI within the nucleus, cytoplasm, and
background was measured in the CDK2 sensor channel. After background fluorescence
intensity subtraction, the cytoplasmic/nuclear CDK2 sensor ratio was calculated for each cell.
In addition, the fluorescence intensity of the whole cell in the green 490 nm and red 550 nm
channels were also measured. After background fluorescence subtraction, the red FP
intensity was divided by the green FP intensity to calculate the tFT ratio of each cell. For each
of the different AurKA-tFT and AurKB-tFT constructs, the tFT ratio was plotted against the
CDK2 sensor ratio in order to see how the tFT ratio varied with the CDK2 sensor ratio, and
therefore report on changing stability throughout the cell cycle [Fig 3-10].
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Figure 3-10 Single time-point tFT ratios of AurKA and AurKB
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Single time-point analysis of the tFT ratios of the different AurKA (A) and AurKB tFT (B) constructs at different
stages of the cell cycle as determined by the CDK2 sensor. Left: The tFT ratio of individual cells plotted against
the CDK2 sensor cytoplasmic/nuclear ratio. The red line shows a simple linear regression. Right: The data was
binned into either G1-phase (CDK2 sensor ratio < 1) or post G1-phase (CDK2 sensory ratio ≥ 1) and their tFT ratios
were plotted as boxplots using the Tukey method showing the median, interquartile range, and 1.5 X the
interquartile range. Students’ T-test or Mann-Whitney was used to test for significance.

The tFT constructs show a wide range in tFT ratios measured for each construct suggesting
that the relationship between the fast green FP and slow red FP is non-linear [Fig 3-10]. Some
of the tFT constructs did not give a positive correlation between progression through the cell
cycle, as measured by the CDK2 sensor and the change in tFT ratios. However, mKate2mNeonGreen, mCherry-mNeonGreen, and mRuby-mNeonGreen AurKA constructs showed a
positive correlation between the cell cycle and AurKA stability [Fig 3-10A]. Similarly, for
AurKB, all tFT combinations except for mCherry-mNeonGreen and mRuby-mNeonGreen
constructs showed a negative correlation between cell cycle and AurKB stability [Fig 3-10B].
The data was binned into either G1-phase (CDK2 sensor ratio < 1) or post G1-phase (CDK2
sensor ratio ≥ 1) based on the CDK2 sensor ratio, to test if there was a significant difference
in the tFT ratio of AurKA or AurKB in G1 phase, when the proteins are known to be least stable
[Fig 3-10A, B]. Of all the constructs tested, mRuby-mNeonGreen showed the greatest
difference in tFT ratio between cells that were classed as post-G1-phase compared to G1 cells,
and this difference was statistically significant.
Therefore, from these initial tests on the different tFTs, the results showed that mRubymNeonGreen tFT can track the stability of AurKA and AurKB at different stages of the cell
cycle. Furthermore, mRuby’s brightness and reported maturation half time of 168 mins
(Kredel et al., 2009) is closest to the 2 and 3 hour half-life reported for AurKA and AurKB
respectively (K. Honda et al., 2000; H. G. Nguyen et al., 2005) as determined by pulse-chase
and cycloheximide assay. Therefore, the longer maturation time means that the mRubymNeonGreen combination should be able to be most sensitive to report changes in AurKA
and AurKB turnover. This sensitivity is possibly reflected in the greater range of tFT ratios
observed for AurKA-mRuby-mNeonGreen and AurKB-mRuby-mNeonGreen constructs. In
conclusion, the mRuby-mNeonGreen construct was chosen as the tFT for AurKA and AurKB
to further study.
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3.5 Observed mRuby-mNeonGreen ratio changes are independent of pH
Having seen that the mRuby-NeonGreen tFT ratio is significantly different throughout
different phases of the cell cycle, the next step was to investigate if the observed effect on
tFT ratios could be due to variables besides the stability of the Aurora Kinases. Since the pH
can affect the protonation state of residues within an FP, this can change their emission
excitation/emission profiles and their intensity (Mahon, 2011; Scharnagl et al., 1999).
Therefore, I investigated if pH was affecting the observed tFT ratios seen in section 3.4.
In the literature, mRuby has been reported to be a relatively insensitive FP to pH, having a
pKa of 4.4, and being more resistant to unfolding at pH 13 (Kredel et al., 2009). mNeonGreen
is also reported to be tolerant to pH with a reported pKa of 5.7 (Shaner et al., 2013). However,
those reports were carried out on purified proteins and not as a tFT tagged to a protein, so
experiments were carried out to observe how the tFT ratio of mRuby-mNeonGreen changes
with pH inside cells. Therefore, I needed a way to change the intracellular pH of the cell and
then see if the tFT ratios differed at different pHs. To do this, cytosolic pH was clamped at a
set pH using Nigericin, an ionophore anti-porter of K+ and H+ that equilibrates intracellular and
extracellular concentrations of K+ and H+ (Koo et al., 2007). By exposing cells to a high [K+]
buffer with a pH of our choosing and adding Nigericin, the cell equilibrates its internal pH to
the external pH that has been set. In order to test if the cytosolic pH was indeed clamped at
different pHs, we used an intracellular pH sensor to determine pH changes.
The pH sensor was based on a pair of tandem FPs whose ratio-metric intensities varied
according to pH. The sensor consists of a green pH sensitive FP, SEpHluorin fused to a red pHinsensitive mCherry FP, hereby referred to as the SEpHluorin-mCherry pH sensor (Koivusalo
et al., 2010). SEpHluorin’s pKa is reported to be 7.2 (Sankaranarayanan et al., 2000), so in the
protonated state, i.e. in more acidic conditions at a pH below its pKa, it is non-fluorescent. On
the other hand, mCherry has a pKa of 10 (Shu et al., 2006) so its protonation state does not
change much around physiological changes in pH. Therefore, as environmental pH increases
and there is less acidity, the fluorescent intensity of SEpHluorin increases whilst mCherry
remains the same, so there is an increase in the ratio of SEpHluorin to mCherry intensity.
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To set up the pH clamping assay, U2OS-CDK2S cells were transfected with the SEpHluorinmCherry pH sensor and given 24 hours to recover. Intracellular pH was then clamped by
bathing the cells in a high K+ buffer of the desired pH (6.8-7.8) in the presence of 10 μg/mL
Nigericin for 5 mins prior to fluorescent image acquisition [Fig 3-11]. At an acidic pH of 6.6,
below SEpHluorin’s pKa, the cell was visually much more yellow, indicating a low
SEpHluorin/mCherry ratio as SEpHluorin fluorescence is not that high. At a pH of 7.8 where
SEpHluorin is deprotonated, the cells appear greener as the SEpHluorin/mCherry ratio
increases. Inspecting a heatmap of the SEpHluorin/mCherry ratios also quantitatively
visualises the difference in the pH sensor ratio at the two different pHs.

pH 6.6

pH 7.8

Overlay of the
SEpHluourin and
mCherry channel

Heatmap of
SEpHluourin/
mCherry ratio

Figure 3-11 Images of the SEpHluorin-mCherry sensor
Images of the SEpHluorin-mCherry pH sensor transfected into U2OS-CDK2S cells clamped with Nigericin (10
μg/mL) at the lowest and highest pHs tested. Top: Only the green and red channels for SEpHluorin and mCherry
respectively are shown, overlayed as a composite image set at the same brightness and contrast. Bottom: After
a Gaussian blur, background subtraction, and thresholding, the fluorescence intensity of SEpHluorin is divided
by mCherry intensity in order to calculate the sensor ratio. The ratio is then visualised as a heatmap where the
scale is individually calibrated at the two different pHs.

Cells were clamped at different pHs and SEpHluorin/mCherry ratios of the individual cells
were measured, to show that Nigericin treatment with high [K+] leads to pronounced changes
in the SEpHluorin/mCherry, indicating that intracellular pH is changing [Fig 3-12A].
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Furthermore, there was a linear relationship between the measured SEpHluorin/mCherry
ratio and the externally clamped pH, within the pH ranges of 6.6 and 7.8 [Fig 3-12B].
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Figure 3-12 pH changes as measured by SEpHluorin-mCherry sensor
pH changes by Nigericin (10 μg/mL) with high [K+] treatment as measured by the SEpHluorin-mCherry sensor
transfected into U2OS-CDK2S cells. A) SEpHluorin/mCherry ratios of the sensor at different clamped pHs. Mean
and SEMs are plotted, n ³ 13. B) The mean SEpHluorin/mCherry ratio is plotted for each of the clamped pHs and
a linear regression line is drawn.

Having successfully tested the pH clamp assay, I then used it to investigate pH-dependent tFT
behaviour. To this end, the AurKB-mRuby-mNeonGreen construct was transfected into U2OSCDK2S cells and were then clamped at defined intracellular pH intervals ranging from 6.6-7.5.
The tFT ratios were measured in cells selected at random and plotted for each pH value. With
a large enough sample of cells, comparing the means of the tFT ratios for the cells at each pH
should indicate if pH should have an effect on the tFT ratio [Fig. 3.13].
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Figure 3-13 Effect of pH on AurKB-mRuby-mNeonGreen
Clamping the pH of AurKB-mRuby-mNeonGreen cells by Nigericin (10 μg/mL) with high [K+] treatment
significantly changes the tFT ratio. Mean and SDs are plotted, n ³ 34, one-way ANOVA (P<0.0001).

The results showed that pH does cause a significant shift in tFT ratio for mRuby-NeonGreen
with a lower pH creating lower tFT ratios. Three explanations could account for this. First, pH
might be directly affecting the tFTs and their intensities, either lowering the slow red FP
emission, increasing the fast green FP emission or both, thus reducing the tFT ratio at low
pHs, and vice-versa at higher pHs. Given that the reported pKa of mNeonGreen and mRuby is
5.6, and that of 4.4 respectively, lowering the pH might cause some slight changes in the
protonation state of the mNeonGreen fluorophore. Secondly, it is well known that pH can
affect protein folding due to its effect on ionisation states of the amino acid side chains and
therefore stability (O’Brien et al., 2012; A. S. Yang & Honig, 1993). Therefore, pH could be
directly affecting the stability of AurKB, with more acidic cytosolic pHs decreasing its stability.
Thirdly, it could be that the pH is capable of affecting progression through the cell cycle and
thus the stability of AurKB and therefore the tFT ratio of mRuby-mNeonGreen. It has been
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reported that intracellular acidification (pH < 7.3) inhibited protein synthesis and G0/G1
progression and can lead to a G1-phase arrest, thus reducing the stability of AurKB (Chambard
& Pouyssegur, 1986; Hu & Li, 2018).
Since pH could affect AurKA and AurKB stability or the tFT ratio of the mRuby-Neon tFT
directly, it could obscure the interpretation of the ratio as a readout for Aurora Kinase stability
attributed to the cycle [Fig 3-10]. Therefore, it was important to know if the pH varied through
the cell cycle as current literature so far does not provide any insight on the variation of pH
through the mammalian cell cycle after mitogenic stimulation (Flinck et al., 2018). I tested if
pH varied through the cell cycle to understand if pH variation could play a role in the observed
AurKA and AurKB tFT ratio differences at different stages of the cell cycle. To do this, U20SCDK2 sensor cells were transfected with the SEpHluorin-mCherry pH sensor and the
SEpHluorin/mCherry ratio was measured for cells at various points of the cell cycle as
indicated by the CDK2 sensor [Fig. 3-14].
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Figure 3-14 pH variance across the cell cycle
Measuring how pH, as determined by the SEpHluorin/mCherry sensor ratio varies across the cell cycle as
determined by the CDKS sensor cytoplasmic/nuclear ratio. A) The SEpHluorin/mCherry sensor ratio for each
individual cell is plotted against the CDKS sensor cytoplasmic/nuclear ratio. Linear regression is shown, gradient
of -0.036 ± 0.036, P = 0.33 (H0 = is the slope significantly non-zero). B) The cells are categorised as either G1 or
Post-G1 depending on the CDK2 sensor ratio (G1 if the ratio is <1, and post-G1 if the ratio ³ 1). Sensor ratios were
plotted as boxplots using the Tukey method showing the median, interquartile range, and 1.5 X the interquartile
range. Mann-Whitney test for significance.
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The results show that pH remains mostly constant throughout the cell cycle [Fig 3-14A] and
that there is also no significant difference in the pH between cells that are categorised as
either G1 or Post-G1 depending on the CDK2 sensor ratio (G1 if the ratio is <1, and post-G1 if
the ratio ³ 1) [Fig 3-14B]. The linear regression of the ratios for SEpHluorin/mCherry reads in
at about 1.05 which would translate to a pH of ~7.2 which agrees with the literature for
intracellular pH of 7.2, as maintained by ion transporters and exchangers (Casey et al., 2010).
This result leads us to believe that the pH does not vary through the cell cycle in our
experimental setup and therefore changes in pH do not account for the significant differences
in tFT ratios that were measured across the cell cycle in Figure 3-10. Therefore, I concluded
that the observed changes in tFT ratio reflected the changing stabilities of AurKA and AurKB
throughout the cell cycle.

3.6 Conclusion
Earlier work using tFTs has shown that they can report on age-dependent segregation of
organelles in yeast (Khmelinskii et al., 2012), receptor turnover (Donà et al., 2013), auxin
signalling (H. Zhang et al., 2019), and degradation rates through the cell cycle (Alber et al.,
2018). The work here aims to study the potential use of tFTs in the ability to report changes
in the stability of the Aurora Kinases.
I initially built a mathematical model in MATLAB based on the rules of tFT behaviour as set
out in the original work on tFTs by Khmelinskii (Khmelinskii et al., 2012) in order to visualise
and provide a better understanding of the tFTs and the parameters. Initial modelling shows
that tFT ratios at steady state are only dependent on the degradation rate of the protein and
that the maturation rate of the slow red FP in the tFT is important in determining the
sensitivity of the tFT. The modelling also predicts that at steady state, there can be transient
changes in the tFT ratio before returning to the initial tFT ratio in response to changes in
protein synthesis rates. Therefore, the tFT could also provide a readout for changes in protein
production. Although FRET between the slow red FP and fast green FP can increase the tFT
measured ratio (proportion of fast green FP energy may be absorbed by the slow red FP), I
did not include it in my models. This is because the relative changes in stability of the protein
as reported by the tFTs can still be measured despite FRET.
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Knowing that maturation rate of the slow red FP is important, I next tested the best
combination of slow red FPs to use with mNeonGreen in studying AurKA stability. Initial
transient transfections of hTERT-RPE1 cells with different slow red FPs covering a range of
maturation times show that mRuby-NeonGreen tFT can show significant changes in AurKA
and AurKB tFT ratios between pre- and post-G1-phase. As the mRuby-mNeonGreen tFT
correctly reflected the relative cell cycle changes in stability of AurKA and AurKB, it was
selected for further study. Additionally, it was shown that even though tFT ratios are affected
by pH changes, the tFT ratios measured across the cell cycle in hTERT-RPE1 cells was
independent of changes in pH.
The next step in this work was to further explore the mRuby-mNeonGreen tFT as an
experimental tool and to see if it can report on changes in AurKA and AurKB protein stability
in response to experimental perturbations. Validating such a tool would allow the study of
relative protein stability in a high throughput fashion, that could offer benefits compared to
current methods.
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Chapter 4 AurKA and AurKB mRuby-mNeonGreen reports
perturbations to stability
4.1 Introduction
AurKA stability is regulated by numerous mechanisms, ranging from its own phosphorylation
state such as that of serine 51 near the A-box degron or to interacting partners like TPX2
(Giubettini et al., 2011; Kitajima et al., 2007). The importance of controlling AurKA levels has
been demonstrated in previous work from our lab as a way to control its activity in interphase
(Abdelbaki et al., 2020). Additionally, its overexpression or that of its stabilising and activating
partner such as TPX2 has been associated with cancer (Asteriti et al., 2010; van Gijn et al.,
2018; Zou et al., 2018). However, there could still be numerous interactors of AurKA or
mechanisms that may interfere with its stability which are yet unknown. Being able to have a
tool to identify potential novel regulators of AurKA may offer new insights into its regulation
and offer new therapeutic opportunities. Therefore, taking the AurKA and AurKB mRubymNeonGreen tFTs studied in the previous chapter, I aimed to test if they can report on
changes in relative AurKA stability after known changes to its regulators of stability in order
to validate them as such tools. Additionally, I sought to see if the tFTs can provide novel
insights into local stabilities of AurKA.

4.2 Creation of hTERT-RPE1 AurKA-mRuby-mNeonGreen and AurKB-mRubymNeon stable cell line
A problem encountered when working with the U2OS-CDK2S cell line in the previous chapter
was the difficulty in finding healthy looking cells that were expressing both the AurKA/AurKB
tFT and the CDK2 sensor after transfection. A reason for this is possibly due to the stress of
electroporation in transfecting the constructs (Geng et al., 2011). In addition, when
transfecting the tFT plasmid into the cells, the copy number of plasmids entering the cell
cannot be controlled and thus expression levels can greatly vary from cell to cell. Indeed,
excess overexpression of the tFT construct may overload the proteasome and cause protein
aggregates (Bence et al., 2001) [Fig 4-1], thus stabilising the AurKA/AurKB constructs and

84

giving variable tFT ratios. Therefore, I sought to create stable cell lines that would allow a
more controlled expression of AurKA-mRuby-mNeonGreen and AurKB-mRuby-mNeonGreen
without the need for transfection.

Figure 4-1 Aggregates in transiently transfected cells
U2OS-CDK2S cells transiently transfected with AurKA teRFP-mNeonGreen construct showing aggregates with a
very high teRFP intensity.

hTERT-RPE1-Flp-In™ T-REx™ cells were co-transfected with the pcDNA5/FRT/TO expression
vectors containing AurKA or AurKB mRuby-mNeonGreen under a CMV promoter, along with
a FLP recombinase that allowed for the integration of the construct at the single FRT site. The
expression of the construct would be controlled by the addition of tetracycline (Tet) to bind
and remove the Tet repressor homodimer that is bound to the TetO2 sequence upstream of
the CMV promoter to relieve its inhibition of transcription initiation. Prior to transfection, I
carried out sub-cloning in order to change the resistance of the vector from hygromycin B to
neomycin as the RPE1-Flp-In™ T-REx™ in our lab already carried hygromycin B resistance.
After co-transfection, neomycin resistant clones were selected for and pooled together.
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4.3 AurKA and AurKB mRuby/mNeonGreen tFT ratios vary across the cell
cycle in single cell time-lapse analysis
Once the stable hTERT-RPE1 cell lines expressing AurKA-mRuby-mNeonGreen and AurKB
mRuby-mNeonGreen were created, single cell time-lapse imaging was used to measure how
their stability changes through the cell cycle. In contrast to previous experiments, where tFT
ratios were measured from snapshot analysis of fields of cells at a single time-point, I instead
followed individual cells through the course of the cell cycle, to observe exactly how the tFT
spatially and temporally behaved.
The stable hTERT-RPE1 cell lines expressing the AurKA and AurKB mRuby-mNeonGreen
constructs were seeded onto 8-well Ibidi chamber slides and the following day, tetracycline
hydrochloride (1 µg/mL) was added 18 hours prior to filming. Random positions of
unsynchronised cells were filmed at 10 min intervals for 18 hours in the brightfield channel,
and 490 nm and 550 nm excitation channels to record mNeonGreen and mRuby fluorescence
respectively. The mRuby/mNeonGreen tFT ratios within a 30-pixel diameter of the nucleus
and the cytoplasm were then analysed using the ImageJ macro as described in the materials
and methods. In the case of mitotic cells after nuclear envelope breakdown, the ‘nuclear’ and
‘cytoplasmic’ selections were chosen so both were around the centre of the cell, with the
nuclear selection being closer to the centre. The evolution of the nuclear and cytoplasmic tFT
ratios of the cells were then plotted as a function of time relative to anaphase onset by means
of in silico synchronisation. Plotting the mean tFT ratios of the individual cells at each timepoint with at least 5 data points shows a clear trend in AurKA and AurKB stability through the
cell cycle [Fig 4-2].
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Figure 4-2 AurKA and AurKB-mRuby-mNeonGreen tFT behaviour through the cell cycle in hTERT-RPE1 cells
AurKA-mRuby-mNeonGreen (A) and AurKB-mRuby-mNeonGreen (B) tFT ratios within the nucleus and the
cytoplasm of individual cells were measured through the cell cycle at 10 min intervals. Cells were in silico
synchronised to anaphase onset (red dotted line). Only tFT ratios of time-points where at least 5 cells have
measured tFT ratios are included. The means are plotted as a smooth line and the bands show the standard
deviation. However, care must be taken when interpreting results in the early G1-phase since the levels of AurKA
and AurKB are so low due to APC/CCdh1 degradation. Since the fluorescence intensity values of the mRuby and
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mNeonGreen are low (<100-pixel value intensity), the background values can have a big influence on a channel’s
intensity and therefore skew the tFT ratio.

Leading up to anaphase in S-phase and G2-phase, the tFT ratios increased suggesting that the
turnover rate and therefore degradation constant of AurKA and AurKB had decreased,
consistent with the fact that APC/CCdh1 is inactive prior to S-phase onset due to CDK2/Cyclin
E activity and Emi1 inhibition (Cappell et al., 2016). The ratio increased up until anaphase
onset and then decreased sharply in the case of AurKA which reflects increased degradation
and turnover of AurKA in response to APC/CCdh1 activation after anaphase (Kramer et al.,
2000; Littlepage & Ruderman, 2002). The AurKA tFT ratio increased again soon after mitotic
exit, suggesting an increase in stability. AurKB displays a similar increase in tFT ratio leading
up to anaphase which is in agreement with its reported increase in levels leading up to mitosis
where it carries out its roles in chromosome condensation, chromatid attachment, and
cytokinesis, within the CPC complex (Giet & Glover, 2001; R. Honda et al., 2003; S. Stewart &
Fang, 2005a) [Fig 4-2B]. However, there appears to be a delay of 60 min after anaphase onset
before the tFT ratio begins to drop, indicating that AurKB is still stable immediately after
anaphase onset. This agrees with the notion that the degradation kinetics of AurKA and AurKB
are different at mitotic exit, with AurKA being degraded earlier than AurKB (Min et al., 2015;
Hao G Nguyen et al., 2005). This can be explained by the need for AurKB to be localised to the
spindle midbody where it still has a role in cleavage furrow formation during cytokinesis
(Steigemann et al., 2009; Terada et al., 1998). I noted that the AurKA tFT ratios appear to be
consistently higher than the AurKB tFT ratio indicating that AurKA is perhaps a more
inherently stable protein. Whilst the AurKA tFT ratios in the nucleus and cytoplasm appeared
similar, the AurKB nuclear ratio was consistently higher than the cytoplasmic ratio suggesting
a localisation-dependent regulation of the stability of AurKB. This may be the case given that
AurKB overexpression leads to its nuclear localisation during interphase (Abdullah et al.,
2005). This difference in nuclear and cytoplasmic stability for AurKB is unlikely to arise from
the localisation of the APC/CCdh1 or APC/CCdc20 since I would expect to see such similar
localisation-dependent stabilities for AurKA. Therefore, perhaps it is some specific AurKB
interactors in the nucleus or the cytoplasm which confer increased or decreased stability
respectively.
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Having examined the measurement of tFT ratios over time in single cells and observing that
the stability of AurKA and AurKB varies through the cell cycle, the next step was to see if the
tFTs can detect perturbations in stability.

4.4 AurKA and AurKB tFTs report an increase in stability if the proteasome is
blocked
To demonstrate the utility of the tFTs in being able to report on external perturbations in
stability, I first sought to inhibit the proteasome using MG132. MG132 is soluble peptide
aldehyde that inhibits the 26S proteasome (D. H. Lee & Goldberg, 1996) and has been shown
to inhibit the degradation of AurKA and AurKB in vivo (Giubettini et al., 2011; Hao G Nguyen
et al., 2005). Additionally, MG132 should induce a metaphase arrest of the cell cycle by
preventing the destruction of Cyclin B and Securin (Marumoto et al., 2003).
To test what effect MG132 treatment had on AurKA and AurKB tFT ratios, unsynchronized
hTERT-RPE1 AurKA and AurKB-mRuby-mNeonGreen cells were seeded and filmed as before.
4.2 µM of MG132 was added after 4 hrs of filming. Cytoplasmic and nuclear AurKA and AurKB
tFT ratios were then measured and plotted as a function of time [Fig 4-3].

89

A

AurKA-mRuby-mNeonGreen - MG132
AurKA Nucleus
AurKA Cytoplasm

mRuby/mNeonGreen tFT ratio

2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4

3.0

0.2

2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
-240

0.0
0

60

B

120

180

240

300

360

420

480

540

600

660

720

-120

+MG132

120

240

360

480

600

Time from beginning of filming (mins)

Time relative to MG132 addition (mins)

AurKB-mRuby-mNeonGreen - MG132

AurKB-mRuby-mNeonGreen + MG132

2.4

3.0

AurKB Nucleus
AurKB Cytoplasm

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

720

AurKB Nucleus
AurKB Cytoplasm

2.8

mRuby/mNeonGreen tFT ratio

2.2

mRuby/mNeonGreen tFT ratio

AurKA Nucleus
AurKA Cytoplasm

2.8

mRuby/mNeonGreen tFT ratio

2.4

AurKA-mRuby-mNeonGreen + MG132

2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0.0
0

60

120

180

240

300

360

420

480

540

600

Time from beginning of filming (mins)

660

720

0.0
-240

-120

+MG132

120

240

360

480

600

720

Time relative to MG132 addition (mins)

Figure 4-3 AurKA and AurKB-mRuby-mNeonGreen tFT behaviour after MG132 addition in hTERT-RPE1 cells
AurKA-mRuby-mNeonGreen (A) and AurKB-mRuby-mNeonGreen (B) tFT ratios within the nucleus and the
cytoplasm of individual cells were measured through the cell cycle at 10 min intervals in the absence (left) or
addition (right) of 4.2 µM MG132 4 hrs after filming initiation (red dotted line). Only tFT ratios of time-points
where at least 5 cells have measured tFT ratios are included. The means are plotted as a smooth line and the
bands show the standard deviation.

The results showed that upon addition of MG132, the tFT ratios of AurKA [Fig 4-3A] and AurKB
[Fig 4-3B] increased, consistent with the expected increase in stability of AurKA and AurKB
caused by inhibition of the proteasome. In control treated unsynchronised cells, the tFT ratios
remained relatively constant throughout the filming period indicating that the rise in tFT
ratios observed was due to MG132 treatment. Without the in-silico synchronisation to
anaphase like in the previous section, the standard deviation of the tFT was also greater,
reflecting the variability of cells at different stages of the cell cycle. Interestingly, in MG132
treated cells, no observed cells entered mitosis. This is in agreement with previous work
showing that MG132 can cause a G1/S-phase or G2-M phase arrest (Gavilán et al., 2015;
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Uetake & Sluder, 2010) and demonstrates that there must be some critical factors that must
be degraded for entry into mitosis, highlighting the importance of proteolysis and the cell
cycle. Again, I noted that in both MG132 treated and untreated cells, AurKA mRubymNeonGreen showed a higher tFT ratio then AurKB, suggesting that AurKA has a slower
turnover than AurKB during interphase. Having shown that the AurKA and AurKB tFTs can
report on the stabilising effects of MG132, we next sought to see if the tFT could report
changes in AurKA and AurKB stability if we perturbed the cell cycle by other means.

4.5 AurKA and AurKB tFTs report an increase in stability if cells are arrested
in mitosis
Since AurKA and AurKB are expressed most during mitosis, and the APC/C only becomes
active at anaphase onset, we expect that if cells are arrested in mitosis prior to anaphase, the
stability of AurKA and AurKB should be the greatest. To achieve such a mitotic arrest, the drug
S-tritl-L-cysteine (STLC), which is an inhibitor of the kinesin Eg5 was used. Eg5 plays a role in
bipolar spindle formation so its inhibition leads to monopolar spindles and a prometaphase
arrest due to an unsatisfied SAC checkpoint (Skoufias et al., 2006).
For STLC treatment, unsynchronized hTERT-RPE1 AurKA and AurKB-mRuby-mNeonGreen
cells were seeded and filmed as before. 10 µM STLC was added to cells 1 hour prior to the
beginning of filming. Cytoplasmic and nuclear AurKA and AurKB tFT ratios were then
measured within a 30-pixel diameter ROI. When cells entered mitosis, the nuclear and
cytoplasmic selections were chosen so both were around the centre of the cell, with the
nuclear selection being closer to the centre. The tFT ratios were then plotted against time and
in silico synchronised relative to the point of prometaphase entry where STLC arrests the cells
[Fig 4-4].
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Figure 4-4 AurKA and AurKB-mRuby-mNeonGreen tFT behaviour after STLC addition in hTERT-RPE1 cells
AurKA-mRuby-mNeonGreen (A) and AurKB-mRuby-mNeonGreen (B) tFT ratios within the nucleus and the
cytoplasm of individual cells were measured at 10 min intervals in the presence of 10 µM STLC. Cells were in
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silico synchronised to prometaphase entry (red dotted line). Only tFT ratios of time-points where at least 5 cells
have measured tFT ratios are included. The means are plotted as a smooth line and the bands show the standard
deviation.

STLC treated cells all arrested at prometaphase as expected. Characteristically, AurKA and
AurKB tFT ratios increased leading up to the arrest indicating the decreased turnover of AurKA
and AurKB during the later stages of interphase when the APC/CCdh1 is inactive. During the
STLC arrest at prometaphase, the tFT ratios continued to climb suggesting that there is still a
decreased turnover of AurKA and AurKB and no switching on of the APC/CCdh1. This increase
in tFT ratio might suggest that the stability of AurKA and AurKB has increased or that AurKA
and AurKB production has decreased as suggested by the modelling in the earlier section [Fig
3-5]. However, by plotting just the mNeonGreen levels from the tFT data as a proxy for AurKA
and AurKB levels since mNeonGreen folds so quickly, we explored further the dynamics of
AurKA and AurKB stability [Fig 4-5].
In the case of AurKA [Fig 4-5A], there was a sharp rise in AurKA levels leading up to STLCinduced prometaphase arrest, reflecting the increasing stability of AurKA entering mitosis.
This is because if the increase in tFT ratio was due to a decrease in AurKA production, we
would expect to observe a decrease in AurKA levels relative to before prometaphase arrest
according to the modelling [Fig 3-5]. The increase of mNeonGreen was also greater in the
nucleus relative to the cytoplasm, suggesting that AurKA accumulates preferentially in the
nucleus [Fig 4-5A]. Additionally, the tFT ratio for AurKA remained similar in the nucleus and
cytoplasm [Fig 4-4A], suggesting similar levels of stability. The levels of AurKA in the nucleus
and cytoplasm became constant after approximately 2 hours of arrest. During this steady
state level of AurKA, the tFT ratio is still higher than before the arrest indicating that it is
indeed the stability that has increased. The stabilisation of AurKA at prometaphase may be
contributed to by TPX2 binding to AurKA, activating it and protecting it from APC/CCdh1mediated degradation during early mitosis (Giubettini et al., 2011). This however does seem
to suggest that there is some APC/CCdh1 that is active prior to anaphase onset which could be
degrading AurKA (Giubettini et al., 2011; Jeganathan et al., 2006).
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Figure 4-5 AurKA and AurKB mNeonGreen levels as measured by the tFT after STLC addition in hTERT-RPE1
cells
AurKA (A) and AurKA (B) mNeonGreen levels within the nucleus and the cytoplasm of individual cells were
measured at 10 min intervals in the presence of 10 µM STLC. Cells were in silico synchronised to prometaphase
entry (red dotted line). Only mNeonGreen levels of time-points where at least 5 cells have measured
mNeonGreen intensities are included. The means are plotted as a smooth line and the bands show the standard
deviation.

In the case of AurKB [Fig 4-5B], the fold-difference of mNeonGreen levels between the
nucleus and cytoplasmic levels at around nuclear envelope breakdown is much smaller. AurKB
levels as measured by mNeonGreen continue to increase, suggesting that the stability of
AurKB is increasing which is in agreement with the increase in tFT ratios. However, at some
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point during the arrest, the levels of AurKB begins to decrease but the tFT ratio still increases.
Based on the modelling in the earlier section, this would seem to suggest that the production
of AurKB-mRuby-mNeonGreen has decreased [Fig 3-5B]. It has been documented before that
AurKA can be translationally regulated during mitosis, so it could also be a possibility for
AurKB to be regulated in such a way too (Tanenbaum et al., 2015), resulting in decreased
production of AurKB.
Once again, I have shown that the tFTs are capable of reporting changes in AurKA and AurKB
stability in response to perturbations to the cell cycle by STLC treatment. Indeed, we have
highlighted potentially how the tFT ratio can be used alongside the mNeonGreen levels to
potentially give more information on the dynamics of regulating protein levels. We can
further test the ability of the tFTs to report on stability by looking if they can report on a
decrease in protein stability, since MG132 and STLC treatment seeks to stabilise AurKA. One
way to decrease AurKA stability is to disrupt the association of AurKA with its best
documented interacting partner TPX2, so I tested the effect of knocking down TPX2 on the
stability of AurKA as reported by the tFTs.

4.6 AurKA-mRuby-mNeonGreen reports a decrease in stability if TPX2 is
knocked down
TPX2 is a well-documented AurKA interacting partner, whose level increases throughout the
cell cycle and peaks at mitosis where it activates AurKA and recruits it to the spindle
microtubules (Kufer et al., 2002; S. Stewart & Fang, 2005b). The interaction of AurKA and TPX2
is believed to stabilise AurKA throughout interphase and at prometaphase in a APC/CCdh1dependent manner, so knocking down TPX2 should stabilise AurKA (Giubettini et al., 2011).
To test if the tFT can report this decrease in stability, we transfected hTERT-RPE1 AurKAmRuby-mNeonGreen cells with TPX2 siRNA to knockdown TPX2, or GL2 (luciferase) control
siRNA, cells were then given a day for recovery. Tetracycline was then added to induce AurKAmRuby-mNeonGreen expression 16 hours prior to the beginning of filming. Cytoplasmic and
nuclear AurKA tFT ratios were then measured within a 30-pixel diameter ROI. When cells
entered mitosis, the nuclear and cytoplasmic selections were chosen so both were around
the centre of the cell, with the nuclear selection being closer to the centre. The tFT ratios
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were then plotted against time and in silico synchronised relative to the point of anaphase
onset [Fig 4-6A]. The same transfected cells were also seeded for immunoblot analysis for
TPX2 knockdown.
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Figure 4-6 The effect of knocking down TPX2 on AurKA-mRuby-mNeonGreen tFT ratios
A) Immunoblot of hTERT-RPE1 AurKA-mRuby-mNeonGreen cells for TPX2 after TPX2 siRNA or GL2 control siRNA
transfection. B) Image of cells from A undergoing anaphase showing AurKA-tFT levels on the spindle microtubule
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in TPX2 and GL2 siRNA treated cells. C) tFT ratios within the nucleus and the cytoplasm of individual hTERT-RPE1
AurKA-mRuby-mNeonGreen cells were measured at 10 min intervals after TPX2 or GL2 siRNA treatment. Cells
were in silico synchronised to anaphase onset (red dotted line). Only tFT ratios of time-points where at least 5
cells have tFT ratios for are included. The means are plotted as a smooth line and the bands show the standard
deviation.

TPX2 siRNA treatment successfully reduced TPX2 levels as measured by immunoblot [Fig 46A] and microscope images reveal reduced localisation of AurKA to the spindle microtubules
after TPX2 knockdown [Fig 4-6B], in agreement with TPX2’s roles for AurKA recruitment (Luca
et al., 2006). Measurement of the AurKA tFT ratio during interphase prior to mitosis reveals
that the ratio is lower in TPX2 siRNA treated cells compared to GL2i control [Fig 4-6C], both
in the nucleus and cytoplasm. This shows that TPX2 knockdown results in reduced AurKA
stability during interphase. This therefore seems to confirm that TPX2 has a protective role of
AurKA during interphase from degradation (Giubettini et al., 2011). The source of this
degradation remains unclear but mechanisms besides the APC/C have been reported to
degrade AurKA. One potential mechanism responsible during interphase may include Chfr, an
E3 ligase involved in mitotic checkpoint control, that has been shown to degrade AurKA in a
ubiquitin-dependent way (Yu et al., 2005). Interestingly though, in TPX2 siRNA treated cells,
cells progressed through anaphase despite reports in the literature showing that TPX2
knockdown leads to an anaphase arrest (Giubettini et al., 2011). This discrepancy can perhaps
be due to incomplete knockdown on TPX2 in our experiments [Fig 4-6A], leading to residual
TPX2 levels that are still able to recruit AurKA to the spindle microtubules, albeit to a lesser
extent [Fig 4-6B], and to allow mitotic progression. The tFT data after anaphase onset was not
shown as the variability over time was too high, even for each individual cell, this is likely an
artefact of having such low AurKA levels that the measurements are sensitive to differences
in background intensities. In conclusion, I showed that the AurKA tFT can report changes in
AurKA stability knocking down its interacting partner, TPX2.

4.7 AurKB-mRuby-mNeonGreen reports a change in stability in response to
changes to USP35
Having shown that the AurKA tFT can report stability changes after TPX2 perturbations, I
investigated if such stability changes can also be detected for the AurKB tFT after
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perturbations in a pathway involved in regulating its stability. One such pathway depends on
the DUB, USP35 recently reported to protect AurKB from degradation by the APC/CCdh1
through binding to Cdh1 and deubiquitinating AurKB (Park et al., 2018). Therefore, I decided
to knock down USP35 using siRNA or to overexpress it in order to stabilise or destabilise AurKB
respectively. In the knockdown experiment, hTERT-RPE1 AurKB-mRuby-mNeonGreen cells
were electroporated with either USP35 or GL2 siRNA. For USP35 overexpression, hTERT-RPE1
AurKB-mRuby-mNeonGreen cells were transfected with either a USP35 plasmid or a mock
electroporation for control. The cells were allowed to recover for two days after
electroporation and tetracycline was added 16 hours prior to imaging to induce tFT
expression. Cells were also harvested for analysis by immunoblot to check the efficiency of
USP35 knockdown or overexpression [Fig 4-7A]. Images were then acquired from
unsynchronised interphase cells for snapshot analysis at a single time-point. Nuclear and
cytoplasmic tFT measurements were taken in a 30-pixel diameter ROI for cells selected at
random in the field and the ratios were plotted [Fig 4-7B, C].
The immunoblot shows that USP35 levels were successfully reduced and increased following
siRNA treatment or plasmid overexpression respectively [Fig 4-7A]. The tFT ratios reveal that
USP35 knockdown lowers the AurKB tFT ratio, indicating a decrease in stability, in agreement
with the USP35 being able to deubiquitinate AurKB [Fig 4-7B]. Conversely, overexpression of
USP35 showed an increase in tFT ratio, demonstrating that USP35 confers increased stability
to AurKB [Fig 4-7C]. AurKB once again appeared to be more stable in the nucleus than in the
cytoplasm. Interestingly, USP35’s protective effects of AurKB degradation was only previously
investigated and reported on in mitotic cells arrested at prometaphase using the microtubule
poison nocodazole (Park et al., 2018). Our results seem to suggest that there is also a
protective activity of USP35 on AurKB stability during interphase, suggesting alternative E3
ligases that are active for AurKB outside of mitosis.
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Figure 4-7 The effect of knocking down or overexpressing USP35 on AurKB-mRuby-mNeonGreen tFT ratios
A) Immunoblot of the hTERT-RPE1 AurKB-mRuby-mNeonGreen cells for USP35 after USP35 siRNA, GL2i siRNA,
and USP35 overexpression treatment. B) tFT ratios within the nucleus and the cytoplasm of individual
unsynchronised cells measured at single time-points after USP35 knockdown. C) tFT ratios within the nucleus
and the cytoplasm of individual unsynchronised cells measured at single time-points after USP35
overexpression. Mean and SDs are plotted, n ³ 93, Mann-Whitney test was used to test for significance.
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Figure 4-8 USP35 knockdown affects the cell cycle progression
A) The fraction of hTER-RPE1 AurKA-mRuby-mNeonGreen cells entering mitosis over a 15 hour filming period
after USP35 or GL2 siRNA treatment. B). The histogram distribution of the CDK2 sensor cytoplasmic/nuclear
ratio in U2OS-CDK2S cells after USP35 overexpression or knockdown. The CDK2 sensor ratio was sorted into bins
of 0.5 and a non-linear fit was used to show the distribution (thick lines).

USP35 knockdown was also reported to cause mitotic defects, including mitotic defects such
as chromosome misalignments, multipolar spindles, lagging chromosomes, chromatin
bridges, and micronuclei suggesting a role for USP35 in spindle orientation and dynamics
(Park et al., 2018). I did not observe such defects but noticed that in USP35 knockdown cells,
fewer cells were entering mitosis during a fixed period of filming [Fig 4-8A]. This effect on cell
cycle progression by USP35 was confirmed in US2OS-CDK2S cells treated with USP35 siRNA.
The distribution of cells at different cell cycle stages as measured by the CDK2 sensor
nuclear/cytoplasmic ratio revealed that USP35 knockdown lead to a dramatic G1-phase arrest.
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On the other hand, USP35 overexpression did not have a significant effect on cell cycle
progression [Fig 4-8B]. The observation of a G1-phase arrest in the absence of USP35 indicates
that USP35 may have an unreported role in the cell cycle outside of mitosis. I concluded that
the observed decrease in AurKB stability measured by the tFT after USP35 knockdown could
be either the result of direct destabilization through the loss of USP35, or indirect
destabilization through arrest in the cell cycle stage where AurKB is least stable (increased
ubiquitination by APC/CCdh1). In conclusion, it is shown that the AurKB tFT is also capable of
reporting on altered states of AurKB stability.

4.8 AurKA-mRuby-mNeonGreen reports changes in AurKA stability in U2OS
cells
One difficulty in working with hTERT-RPE1 cells is that because they are relatively mobile
epithelial cells, it makes live cell imaging microscopy difficult. Therefore, it was decided to
make stable cell lines expressing AurKA tFT in U2OS cells which are less mobile for easier
analysis of single cells. U2OS-Flp-In™ cells were used to introduce AurKA and AurKB tagged
mRuby-mNeonGreen using the Flp-In™ T-Rex™ as previously described. Due to the low
throughput nature of the experiments and analysis, it was decided to focus on studying AurKA
for future experiments. To begin with, U2OS AurKA mRuby-mNeonGreen cells were filmed
through the cell cycle and in silico synchronised to anaphase to observe how the tFT ratio
changed across interphase [Fig 4-9].
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Figure 4-9 U2OS AurKA-mRuby-mNeonGreen behaves as expected through the cell cycle
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AurKA-mRuby-mNeonGreen tFT ratios within the nucleus and the cytoplasm of individual cells after Cdh1 or GL2
siRNA treatment were measured through the cell cycle at 10 min intervals. Cells were in silico synchronised to
anaphase onset (red dotted line). Only tFT ratios of time-points where at least 5 cells have tFT ratios for are
included. The means are plotted as a smooth line and the bands show the standard deviation.

The results show that AurKA has a high tFT ratio indicating increased AurKA stability prior to
anaphase. The tFT ratio then drops rapidly after anaphase, consistent with the decrease in
AurKA stability expected upon activation of APC/Cdh1.
In order to test the prediction that falling tFT ratio of U2OS AurKA-mRuby-mNeonGreen after
anaphase was dependent on APC/CCdh1, I used siRNA to specifically knockdown Cdh1. The cells
were transfected with 1 µM Cdh1 siRNA and seeded. Filming and immunoblot was carried out
48 hours after transfection.
Immunoblot confirms that Cdh1 was knocked down relative to GL2 control siRNA [Fig 4-10A].
In addition, by measuring mNeonGreen intensity in the U2OS AurKA mRuby-mNeonGreen
cells through mitosis [Fig 4-10B], we observed that in Cdh1 siRNA treated cells, there was a
smaller decrease in total AurKA levels after anaphase. I concluded that Cdh1 siRNA treatment
was effective in reducing the degradation rate of AurKA. Examination of the tFT ratios [Fig 410C] showed that in both Cdh1 and control siRNA-treated cells, the ratio peaked at anaphase
indicating the maximum stability of AurKA. In control cells, the decreasing tFT ratio after
anaphase reflected the increased turnover of AurKA from APC/Cdh1 activity, decreasing to a
minimum during G1 phase. Around 6 hours after anaphase, the ratio began to increase again
reflecting a new state of AurKA stability, most likely defined by the switch off of APC/C activity
known to occur at the end of G1 phase (Cappell et al., 2016). However, in Cdh1 siRNA treated
cells, the tFT ratio remained high after anaphase, confirming that AurKA-tFT successfully
reports on the modulation of AurKA stability by APC/CCdh1 (Floyd et al., 2008).
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Figure 4-10 U2OS AurKA-mRuby-mNeonGreen behaves as expected and can report on perturbations of
AurKA stability after Cdh1 knockdown
A) Immunoblot of the U2OS AurKA-mRuby-mNeonGreen cells for Cdh1 after Cdh1 siRNA or GL2 siRNA
treatment. B) The measurement of whole-cell mNeonGreen levels of AurKA measured through the cell cycle at
10 min intervals. Cells were in silico synchronised to anaphase onset (red dotted line) and mNeonGreen levels
were normalised to anaphase levels. Only mNeonGreen levels of time-points where at least 5 cells have
mNeonGreen levels for are included. C) AurKA-mRuby-mNeonGreen tFT ratios within the nucleus (left) and the
cytoplasm (right) of individual cells after Cdh1 or GL2 siRNA treatment was measured through the cell cycle at
10 min intervals. Cells were in silico synchronised to anaphase onset (red dotted line). Only tFT ratios of timepoints where at least 5 cells have tFT ratios for are included. The means are plotted as a smooth line and the
bands show the standard deviation. D) tFT ratios within the nucleus (left) and cytoplasm (right) of individual
unsynchronised cells measured at single time-points after Cdh1 knockdown by siRNA and shown as boxplots
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using the Tukey method showing the median, interquartile range, and 1.5 X the interquartile range. MannWhitney was used to test for significance, n ≥ 128.

We noted that the AurKA tFT ratio in the control cells did not decrease right at anaphase
onset [Fig 4-10C] and that there was a delay between decreasing AurKA levels as measured
by mNeonGreen [Fig 4-10B] and the tFT ratio change. This seems to suggest that the change
in tFT ratio is not always immediate after changes in degradation rate. However, the model
in MATLAB predicts that any change in protein stability would be immediately reflected in a
change in tFT ratio, and again we know that the APC/C would be active at that point. Another
explanation may be that despite trying to keep the production of the expression of the AurKA
tFT constant by using a CMV promoter, changes in translation rate might occur then. It has
been reported by ribosomal profiling that translation efficiency varies through the cell cycle
and that AurKA is one such transcript (Tanenbaum et al., 2015). Therefore, this discrepancy
between the timing of AurKA degradation as measured by mNeonGreen levels, and the
stability as measured by the tFT may be explained by the MATLAB model if the rate of
production also decreased in addition to the rate of degradation increasing. This finding
reveals that potentially more information can be gathered from using tFTs than just singular
fluorophore tagged analysis, especially in conjunction with more modelling work.
The previous experiment demonstrated that tFTs can be used to report of modulations to
stability of AurKA. It is an exciting possibility that the AurKA-mRuby-mNeon could be used as
a tool for genome-wide screening for modulators of AurKA stability. However, for high
throughput approaches, the snapshot analysis would be of much greater utility than timelapse assays. Therefore, to test the ability of tFTs to report on changes in AurKA stability with
this higher throughput means in U2OS cells, the snapshot analysis was applied to
unsynchronised U2OS AurKA mRuby-mNeonGreen cells [Fig 4-10D]. As can be seen from the
Tukey box plot, the median tFT ratio for Cdh1 is higher than that of control GL2i treated cells.
This supports that the tFT ratios can report on changes in stability with a snapshot analysis of
the cell.
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4.9 AurKA tFT shows localised increases in stability after TPX2
overexpression
Previously in section 4.6, using hTERT-RPE1 AurKA-mRuby-mNeonGreen cells and live single
cell time-lapse imaging, I showed that TPX2 knockdown results in a lower tFT ratio. Here, I
seek to investigate this further in U2OS AurKA-mRuby-mNeonGreen cells using snapshot
analysis of the tFTs to see if TPX2 overexpression leads to stabilisation of AurKA. Importantly,
because TPX2 has been shown to have a nuclear localisation (Wittmann et al., 2000) I wanted
to investigate if there were localised changes in stability reported by the tFT after
overexpression of TPX2, or the non-microtubule binding but AurKA stabilising TPX2 fragment,
1-43-TPX2 (Bayliss et al., 2003; Giubettini et al., 2011).
U2OS AurKA-mRuby-mNeonGreen cells were transfected with a plasmid expressing Cerulean
control, WT-TPX2-Cerulean or 1-43-TPX2-Cerulean. Cells were left to recover, and tetracycline
was added to induce AurKA-mRuby-mNeonGreen expression. Cells that were identified as
expressing the Cerulean constructs were imaged at a single time-point [Fig 4-11A].
I first measured the relative nuclear to cytoplasmic ratio of the Cerulean constructs using a
fixed ROI to see how they localised [Fig 4-11B]. The results show that WT-TPX2 localised
strongly in the nucleus and that the 1-43-TPX2 displayed a weaker nuclear localisation
compared to control. Knowing that TPX2 interacts with AurKA and can direct its localisation
(Kufer et al., 2002), I next investigated how the relative AurKA nuclear to cytoplasmic
localisation changed [Fig 4-11C]. The results show that as expected, the nuclear localisation
of WT-TPX2 greatly enhanced the nuclear localisation of AurKA. In contrast, it was surprising
that 1-43-TPX2 which is still slightly more nuclear localised relative to the cytoplasm, caused
a more cytoplasmic localisation of AurKA relative to the nucleus, possibly due to competition
with endogenous TPX2 for nuclear localisation of AurKA. Since only 1-43 of TPX2 is required
to bind to AurKA and stabilise it, (Giubettini et al., 2011), I have a situation to see how the
AurKA tFT ratio in the nucleus and cytoplasm varies in response to the differentially localised
WT-TPX2 and 1-43-TPX2.
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Figure 4-11 AurKA-mRuby-mNeonGreen demonstrates localised changes in AurKA stability
U2OS AurKA-mRuby-mNeonGreen cells were transfected with WT-TPX2-Cerulean, 1-43-TPX2-Cerulean, or
Cerulean control. Cells that were expressing the constructs as indicated by Cerulean were then imaged at a single
time-point and analysed. A) Example images of cells with the different constructs showing the localisation of
WT-TPX2, 1-43-TPX2, and Cerulean control (blue), and AurKA in the mNeonGreen channel (green) and mRuby
channel (red). A heatmap of the tFT ratio is also shown. B) The nuclear to cytoplasmic localisation ratio of WTTPX2, 1-43-TPX2, and Cerulean control as measured by a 30-pixel ROI in the nucleus and adjacent cytoplasm
after background subtraction. Left and right panel are the same graphs but different scales. Data is pooled from
3 independent repeats. Mean and SD are shown, Kruskal-Wallis test for significance, n ≥ 67. C) The nuclear to
cytoplasmic localisation ratio of AurKA as measured by a 30-pixel ROI in the nucleus and adjacent cytoplasm
after background subtraction in the mNeonGreen channel. Left and right panel are the same graphs but different
scales. Data is pooled from 3 independent repeats. Mean and SD are shown, Kruskal-Wallis test for significance,
n ≥ 67. D) The tFT ratio of AurKA-mRuby-mNeonGreen as measured in a 30-pixel ROI in the nucleus and adjacent
cytoplasm after background subtraction. Data is pooled from 3 independent repeats. Mean and SD are shown,
Kruskal-Wallis test for significance, n ≥ 67.

I measured the AurKA tFT ratios in the nucleus and in the cytoplasm and found that expression
of WT- and 1-43-TPX2 resulted in an increase in AurKA stability within the nucleus and
cytoplasm compared to Cerulean control [Fig 4-11D]. However, the relative increases in
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stability were different between the two forms of TPX2. After transfection of WT-TPX2, the
nuclear stability of AurKA increased the most relative to Cerulean control, whilst the stability
in the cytoplasm only slightly increased relative to Cerulean cytoplasmic stability. This is
reflected by the localisation of WT-TPX2, being much more nuclear than cytoplasmic.
Therefore, it is possible, that the enhanced nuclear stability of AurKA comes from the
increased binding of AurKA and WT-TPX2 in the nucleus relative to the cytoplasm. On the
other hand, I see that 1-43-TPX2, which has a more even localisation between the cytoplasm
and the nucleus, is capable of greatly enhancing the stability of AurKA in both the nucleus and
cytoplasm. Surprisingly, although we see that there is less AurKA in the nucleus compared to
the cytoplasm after 1-43-TPX2 transfection [Fig 4-11C], the tFT ratio of the nuclear AurKA is
still higher than that of the cytoplasm [Fig 4-11D]. This data also suggests that TPX2 and 1-43TPX2 binding is having an effect on AurKA in interphase cells, possibly stabilising it against
other E3 ligases that can potentially target AurKA such as Chfr (Yu et al., 2005).
Here, I have demonstrated that the tFT is capable of reporting localised changes in AurKA
stability after expression of differentially localised interactors of AurKA. Additionally, we see
that stability as measured by the tFT ratio does not necessarily correlate to the amount of
protein present. This unique ability of the tFT to measure protein stability using a single timepoint independently of protein amount highlights its strength as a tool in studying modulators
of protein stability. However, I have seen that there is a high degree of variability in the tFT
data measured so far, this spread of the data might limit the usefulness of the tFTs in the
identification of more subtle stabilisers or destabilisers of AurKA. Therefore, I decided to look
at if there was a stage in the cell cycle where there could be less variability in the tFT ratios
measured.

4.10 AurKA mRuby-mNeonGreen tFT is near steady state in S-phase arrested
cells
As predicted by the modelling of the tFT ratios earlier, the easiest way to interpret tFT ratios
is if the system is in a steady state, i.e., the protein levels remain constant and the rate of
degradation matches the rate of production. At steady state protein levels, the tFT ratio also
does not change and therefore the comparison of steady state tFT ratios between conditions
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would allow the direct comparison of protein turnover. However, non-steady state tFT ratios
or protein levels can still reveal information about protein turnover but more care must be
taken into account as changes in protein production rate can affect the tFT ratio as well. So
far, we have used a constitutive CMV promoter to express the tFT construct in order to
eliminate the possibility of changes in the transcription rate of the AurKA and AurKB tFT
construct. In my experiments so far, I have found that there appears to be an AurKA tFT steady
state after the addition of MG132 [Fig 4-3A], and also in prometaphase arrested cells after
STLC treatment [Fig 4-4A]. Outside of STLC arrest and the need to use a proteasome inhibitor,
I looked to see if there is another steady state in interphase that would allow easier
interpretation and reduced variability of the AurKA tFT ratios. I hypothesised that because
endogenous AurKA levels increase through the cell cycle due to increased transcription (M.
Tanaka et al., 2002) and stability associated with inactivation of the APC/C (Cappell et al.,
2016; Kramer et al., 2000), inhibition of the cell cycle at S-phase would prevent the increased
stability of AurKA whilst the CMV promoter is unaffected in S-phase (Brightwell et al., 1997).
Therefore, by preventing cell cycle progression, there should be no endogenous changes in
AurKA stability, so that any measured changes in tFT stability should be caused by external
factors. Thus, creating a steady state situation where the tFT could be used as a screen for
new regulators of stability. To prevent cell cycle progression, a double thymidine block was
first used to induce a G1/S-phase arrest to see if such a steady state existed at that stage, this
is because it is known that AurKA levels only begin to change and accumulate in G2-phase
(Giubettini et al., 2011). Before S-phase, APC/CCdh1 should be inactive because of Cdh1
phosphorylation by CDK2/Cyclin E and inhibition by Emi1 to commit to the cell cycle (Cappell
et al., 2016; Kramer et al., 2000).
Cells were arrested at G1/S-phase by the addition of 2.5 mM thymidine to the U2OS AurKAmRuby-mNeonGreen cells for a period of 16 hrs, before releasing for 8 hours, followed by
addition of 2.5 mM thymidine again for 16 hrs. The G1/S-phase arrested cells and DMSO
control treated cells were then imaged for their tFT ratios over time [Fig 4-12A].
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Figure 4-12 The behaviour of AurKA stability and levels over time during G1/S-phase arrest
A) AurKA-mRuby-mNeonGreen tFT ratios within the nucleus (left) and the cytoplasm (right) of individual cells
after a double thymidine block (2.5 mM) or DMSO control treatment were measured at 10 min intervals. B)
AurKA-mRuby-mNeonGreen mNeon levels in the nucleus (left) and cytoplasm (right) from Fig 4-12A plotted over
the same duration. The means are plotted as a smooth line and the bands show the standard deviation, n. ≥ 19.

In the G1/S-phase thymidine arrested cells, there was a significantly shallower increase of tFT
ratio over the time-period filmed in both the nucleus and cytoplasm compared to control cells
(simple linear regression analysis, P < 0.0001). There is also a much shallower increase in the
mean mNeonGreen intensity measured in a 30-pixel diameter ROI of the cell in the arrested
cells [Fig 4-12B]. From this, we can see that in G1/S-phase arrested cells, the degradation rate
of AurKA is not changing as much compared to normal cycling interphase cells. However, the
gradient is still significantly non-zero so there is some increase in the tFT ratio indicating that
the arrested cells are still not at a complete steady state. This may be because thymidine does
not cause a complete block in G1/S-phase progression but simply slows down progression into
S-phase (Bostock et al., 1971). Therefore, perhaps a tighter block or another stage of the cell
cycle is required to find a steady state. Additionally, what is interesting is that the tFT ratios
in the thymidine arrested cells appear to be higher than the DMSO control treated cells but
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the absolute AurKA levels as measured by the mNeonGreen levels are lower. This finding
seems to suggest that although there is more AurKA in the control cells, the AurKA there is
not as old as the one in the thymidine arrested cells, which may be due to a large portion of
cells in the unsynchronised control being in G1-phase still where APC/CCdh1 is active.
Additionally, during the double thymidine block, the steady state of AurKA tFT might have
been reached. This means that in the condition where Cdh1 is inactive during the double
thymidine block, AurKA stability is increased and the tFT ratio would increase to reflect that.
During the extended time period of the double thymidine block, the tFT ratio would increase
and reach a steady state as modelled in Fig 3-5D. However, in normal cycling cells, the steady
state higher AurKA tFT ratio as seen in the thymidine block would not be reached because the
cells would transition through mitosis where the Cdh1 eventually becomes active. This seems
to suggest that the half-life of AurKA is longer than the duration of the cell cycle in the absence
of degradation by APC/CCdh1 (Alber et al., 2018). Therefore, it is perhaps important to bear in
mind that tFT comparisons should be done at similar cell cycle stages.
Arresting the cells with thymidine did not appear to reduce variability in the tFTs as seen by
the standard deviation of the data. This suggests that there are other factors that can
determine the tFT ratio of each individual cell.

4.11 Conclusion
Here, I successfully generated stable hTERT-RPE1 and U2OS AurKA-mRuby-mNeonGreen cells
which facilitated the easier study of the AurKA tFT without the need for transfections. In both
cell lines using single cell analysis of the tFT ratios, the tFTs were capable of reporting changes
in AurKA stability through the cell cycle in response to its degradation at anaphase (Taguchi
et al., 2002). In unperturbed cells, I have also shown a localisation-dependent effect on AurKA
stability in U2OS cells and AurKB stability in hTERT-RPE1 cells. In both cases, the tFT ratio
suggests that the AurKA or AurKB is of an older age in the nucleus compared to the cytoplasm.
This might be due to the localisation of binding partners which activate and protect from
AurKA and AurKB from degradation, such as TPX2 (Giubettini et al., 2011). Additionally, even
though Cdh1 has been shown to be more localised in the nucleus during interphase cells (Y.
Zhou et al., 2003), it might be still more active in the cytoplasm. Additionally, in hTERT-RPE1
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cells, I have found the AurKA tFT ratio to be a higher ratio than the AurKB tFT ratio during
interphase, indicating that AurKA is a more stable protein than AurKB.
I then tested the ability of the tFTs to report stability after perturbing known interactors of
AurKA and AurKB, the proteasome, or in response to cell cycle arrests. Using the addition of
MG132, a small molecule inhibitor of the proteasome, I was able to increase the stability of
AurKA and AurKB over time as reported by the tFT. The maximum tFT ratio achieved during
the time of filming was achieved after 10 hours, where the tFT ratio seemed to plateau,
indicating a steady state. Similar results were observed after arresting the cells with STLC in
prometaphase, the stage of the cell cycle where AurKA is most highly expressed and just prior
to initiation of its degradation by the APC/C at anaphase (Bischoff et al., 1998). During the
STLC arrest, the AurKA tFT ratio also increased until a maximum around 3 hours into the
arrest. Thus, the tFT was capable of reporting the increased stability of AurKA at
prometaphase. Additionally, knockdown of Cdh1, the co-activator of the APC/C which is
required for AurKA degradation after anaphase onset (Littlepage & Ruderman, 2002; Taguchi
et al., 2002) in the U2OS AurKA-mRuby-mNeonGreen cells resulted in stabilised levels of
AurKA at mitotic exit and increased stability of AurKA as measured by the tFT.
Next, I also looked at the well-known interactor of AurKA, TPX2, which has been shown that
it is capable of increasing the stability of AurKA and localising it to the spindle microtubules
(Giubettini et al., 2011). Knockdown of TPX2 in hTERT-RPE1 AurKA-mRuby-mNeonGreen cells
lead to a decrease in the AurKA tFT ratios as measured in single cells over time. In contrast,
overexpression of WT-TPX2 and the non-microtubule binding but still AurKA stabilising 1-43TPX2 fragment in U2OS AurKA-mRuby-mNeonGreen cells lead to an increase in tFT ratios as
measured using snapshot images from a single time-point. I show that overexpression of
TPX2, which is itself nuclear localised in interphase, results in greater localisation of AurKA in
the nucleus relative to the cytoplasm. This overlapping localisation of TPX2 and AurKA in the
nucleus greatly increased nuclear AurKA stability whilst only having a moderate increase in
the cytoplasm as measured by the tFT. On the other hand, 1-43-TPX2 has a more equal
localisation between the nucleus and the cytoplasm. This distribution of 1-43-TPX2 results in
greater AurKA localisation in the cytoplasm and greatly enhanced AurKA stability as measured
by the tFT in both the nucleus and cytoplasm. Thus, the tFT is not just capable of reporting
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increased stability of AurKA but can also confer information on localisation-dependent
stability after the localised expression of interactors.
The tFT was also tested for the AurKB tFT by investigating the reported tFT stability after
knocking down or overexpressing USP35, a deubiquitinating enzyme recently reported to
remove ubiquitin from AurKB and prevent its degradation (Park et al., 2018). Overexpression
of USP35 in hTERT-RPE1 AurKA-mRuby-mNeonGreen cells resulted in an increase in AurKBtFT ratio and knockdown of USP35 resulted in a decrease in tFT ratio indicating increased and
decreased stabilities respectively. It was however observed in the U2OS-CDK2S cells that
USP35 siRNA treatment led to a substantial G1-phase arrest. Therefore, it is currently unclear
if the reported loss of AurKB stability is directly due to the knockdown on USP35, or cell cycle
related effects in G1-phase.
Finally, I sought to see if there was an AurKA-tFT steady state in interphase that did not rely
on inhibiting the proteasome with MG132. A steady state would be beneficial in finding
regulators of AurKA stability as it makes the tFT ratio easier to interpret and it was hoped that
it could reduce the variability in the observed tFT ratios. It was found that by arresting U2OS
AurKA-mRuby-mNeonGreen cells in S-phase with a double thymidine block, there was a
reduced increase of tFT ratio over time compared to control but the variability in the tFT ratios
still existed. The increase in tFT ratio under the rest is most likely due to an incomplete arrest
with thymidine, and cells entering G2, thus resulting in an increase in AurKA stability.

113

Chapter 5 PROTACS are a novel way of targeting AurKA for
degradation
5.1 Introduction
As mentioned before, there is a great need to regulate the activity of proteins, the molecular
machinery of the cell, to treat disease pathologies. These diseases often arise from the
aberrant activity of signalling pathways that can be therapeutically targeted. In the case of
AurKA, its overactivity and/or abnormal expression has been implicated in numerous
carcinomas (Bischoff et al., 1998). Besides its roles in mitosis, its roles in tumorigenesis have
been reported to include its regulation of the pro-apoptotic factor P53 (Katayama et al.,
2004), BRCA1/2-mediated DNA repair (Do et al., 2017; van Gijn et al., 2018), and more (Lin et
al., 2020). As a promising therapeutic target, dozens of AurKA inhibitors have been developed
to inhibit its activity but their clinical efficacy has been limited (O’Connor et al., 2019; X. Zhou
et al., 2018). Here, I try to develop and characterise a novel PROTAC class of drugs against
AurKA which seeks to not just inhibit AurKA but target it for degradation.
PROTACs are heterobifunctional small molecules that are able to bind to the target protein
with one moiety, and to an E3 ligase with another. This brings into close proximity the E3
ligase and the target protein, resulting in its ubiquitination and subsequent degradation by
the proteasome (Sakamoto et al., 2001). This new modality offers many advantages
compared to kinase inhibition alone, including greater specificity (Bondeson et al., 2018) and
selectivity (Smith et al., 2019) that can turn a modestly selective inhibitor into a protein
degrader with extremely high selectivity (Bai et al., 2019). The PROTACs also work in a
catalytic manner as efficacy is not limited by occupancy equilibrium of the target, thus
allowing for lower concentrations to be used (Bondeson et al., 2015). In addition, a great
opportunity for PROTACs is that ‘non-druggable’ proteins that can’t be targeted by
conventional kinase inhibitors can be targeted by PROTACs. The first group of these proteins
involve ones that can have kinase and non-kinase (or just non-kinase e.g. transcription
factors) functions where traditional kinase inhibitors would not be able to disrupt the nonkinase functions. An example is in FAK signalling where in addition to its kinase activity, FAK’s
scaffolding domains forms signalling complexes at the plasma membrane to regulate tumour
114

invasion and metastasis (Cromm et al., 2018). The other group of proteins can be considered
‘non-druggable’ because they lack a kinase domain or a binding pocket for conventional
kinase inhibitors to bind to and such proteins can function through protein-protein
interactions. Since PROTACs work by forming a ternary complex between the target and the
E3 ligase, the PROTAC can bind to any region of the target protein as long as it can form the
ternary complex. Therefore, unlike traditional inhibitors that rely on potent binding and
occupancy to the active site of the protein, the PROTAC can target ‘non-druggable’ targets
like transcription factors that lack such targetable sites for traditional inhibitors (Bai et al.,
2019). PROTAC technology has been rapidly evolving over the years as PROTACs become
smaller and more soluble, as well as having novel ways to tune their actions (Lebraud et al.,
2016; Pei et al., 2019; Simpson et al., 2020). In this chapter, I sought to test if I have a
functioning PROTAC against AurKA and to begin to characterise its behaviour and specificity
in vivo.

5.2 Cereblon-based PROTACs are capable of degrading AurKA
In collaboration with Dr Karen Roberts and chemists at AstraZeneca, two families of PROTACs
against AurKA were synthesised [Fig 5-1]. The PROTACs consist of MLN8237, a small molecule
inhibitor of AurKA (Görgün et al., 2010), which acts as the binder for AurKA, attached via a
PEG linker of varying lengths to a ligand for two different E3 ligases. The first family of
PROTACs utilise pomalidomide which acts as a ligand for the Cereblon (CRB) E3 ligase (LopezGirona et al., 2012; J. Lu et al., 2015), whilst the second family of PROTACs utilise a
hydroxyproline-based motif that is a ligand for the VHL E3 ligase (Buckley et al., 2012).
In total 8 PROTACs, designated Compound (Cpd) A-H, were initially synthesised: 4 of each E3
ligase type, with different linker lengths. The size of the PROTACs ranged from 975 Da to 1279
Da depending on the linker length and E3 ligase binder. Their sizes and some example
structures are shown in Table 5-1 and Fig 5-2.
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Figure 5-1 Schematic of PROTACs
The two families of PROTACs based on MLN8237 and the CRB E3 ligase, or VHL E3 ligase. A) The CRB-based
PROTACs utilises pomalidomide as the ligand binder to CRB. B) The VHL-based PROTACs utilise a hydroxyprolinebased motif as the ligand binder for VHL. Both PROTACs use MLN8237 as the warhead binder for AurKA and
utilise a PEG linker of different lengths to connect the two moieties.

Table 5-1 List of the PROTACs and their sizes
Compound

Target protein E3 ligand
ligand
target

Linker size (Da)

Compound size (Da)

A

MLN8237

VHL

288

1279

B

MLN8237

CRB

272

1063

C

MLN8237

VHL

200

1191

D

MLN8237

CRB

316

1107

DX

MLN8237

CRB

404

1195

E

MLN8237

VHL

244

1235

F

MLN8237

CRB

228

1019

G

MLN8237

VHL

156

1147

H

MLN8237

CRB

184

975

MLN8237

518

Pomalidomide

272

Hydroxyproline-based motif

472
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PROTAC-D
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Cpd-A

Figure 5-2 The chemical structure of the PROTACs and MLN8237
The skeletal formula for MLN8237, PROTAC-DC, PROTAC-D and Cpd A are shown. The other PROTACs that are
not shown are identical except for the linker length.

To investigate the efficacy of the two families of PROTACs, I first decided to use single cell
time-lapse imaging assays to investigate the degradation of Venus tagged AurKA as measured
by fluorescence microscopy. Initially, I utilised an AurKA-Venus knock-in line of hTERT-RPE1
cells (AurKA-VenusKI) where the endogenous AurKA is tagged with Venus (Grant et al., 2018).
Since the expression of AurKA-Venus is that of endogenous expression, meaning that
expression is low in interphase and highest at mitosis, I designed experiments to measure
levels of AurKA-Venus in mitosis, where the assay would be most sensitive. To this end, I
treated hTERT-RPE1 AurKA-VenusKI cells with STLC for 16 hours in order to induce a
prometaphase arrest prior to the addition of 1 µM Cpds A-H. Degradation of AurKA-Venus in
each arrested cell was then measured after 3 hours of treatment [Fig 5-3].
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Figure 5-3 CRB-based PROTACs degrade AurKA-Venus in live cell imaging
AurKA-Venus degradation in STLC arrested hTERT-RPE1 AurKA-VenusKI cells after treatment with Compounds AH. A) Example of STLC arrested cells expressing AurKA-Venus localised to the monopolar spindles and the
degradation of AurKA-Venus after 3 hours of 250 nM Cpd D treatment. B) The % degradation of AurKA-Venus
after 1 µM treatment of compounds A-H in STLC arrested cells. AurKA-Venus intensity was measured in a ROI to
cover the whole cell and after background subtraction, the % degradation after 3 hours was compared, only cells
that remained in mitosis during the duration of filming was included. Mean and SD are shown, Kruskal-Wallis
one-way ANOVA on ranks for statistics, n ≥5.

The results showed that, after 3 hours of PROTAC treatment, only the CRB-based PROTACs
were able to degrade AurKA-Venus, with Cpd D giving the greatest degradation of around
70%. The VHL-based PROTACs were unable to significantly cause degradation relative to
DMSO control. I next wanted to see if endogenous AurKA showed the same pattern of
sensitivity to PROTACs as AurKA-Venus. To test this, STLC-arrested HeLa cells were treated for
3 hours with the PROTACs and then harvested for analysis by immunoblot. This experiment
showed that endogenous AurKA revealed a similar pattern of sensitivity to CRB- and VHLbased PROTACS [Fig 5-4]. It also confirmed that sensitivity of AurKA to PROTAC is dependent
on the proteasome as the addition of 4.2 µM of the proteasome inhibitor, MG132, reduces
degradation by Cpd D [Fig 5-4].
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Figure 5-4 CRB-based PROTACs
VHLdegrade AurKA-Venus
CRB as measured by immunoblot
Linker length

Immunoblot of STLC arrested HeLa cells treated with 1 µM of the CRB- and VHL-based PROTACs. Top: Remaining
AurKA and GAPDH levels after 3 hours of treatment with the CRB- or VHL-based PROTACs, Cpds A-H. 4.2 µM of
MG132 was also added in combination with Cpd D. Bottom: Quantification of the immunoblot with the VHL(blue) or CRB- (orange) based PROTACs relative to GAPDH levels.

It is also interesting to note that the length of the PEG linker for the CRB-based PROTACs
appear to be positively correlated with the degradation of AurKA as measured by immunoblot
and single cell imaging [Table 5-1, Fig 5-3, Fig 5-4]. I hypothesized that this correlation might
be because a longer linker length would allow the ternary complex partners to sample a range
of conformational fits in order to find the most optimal for ubiquitination of the substrate, or
to minimise steric clashes between AurKA and CRB (Zorba et al., 2018).
To test this positive relationship between linker length and degradation, a longer PEG linked
CRB-based PROTAC was created by AstraZeneca at our request, Cpd DX [Table 5.1]. STLCarrested mitotic U2OS and HeLa cells were treated with Cpd D or Cpd DX and endogenous
AurKA levels were measured by immunoblot [Fig. 5-5]. As I had predicted, the longer Cpd DX
reduced AurKA levels more efficiently than Cpd D after 3 hours treatment.
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Figure 5-5 Linker length affects PROTAC degradation
Immunoblot of STLC arrested HeLa and U2OS cells treated with 250 nM of Cpd D or Cpd DX. Top: Remaining
AurKA and GAPDH levels after 3 hours of treatment. Bottom: Quantification of the immunoblot with the Cpds
relative to GAPDH levels.

Since Cpd D behaved as an efficient PROTAC in degrading both endogenous and Venus-tagged
AurKA, we named it PROTAC-D and used it for further characterization of PROTAC action
against AurKA. Firstly, I looked at the dose and time-dependency of AurKA degradation by
PROTAC-D. This was carried out in hTERT-RPE1 AurKA-VenusKI cells arrested in mitosis by STLC
and measured by single cell time-lapse imaging [Fig 5-6].
I found that the degradation of AurKA-Venus by PROTAC-D was dose-dependent with a DC50
(concentration to achieve half-maximal degradation) at around the 90 nM range. At 1 µM of
PROTAC-D, the t1/2 of AurKA-Venus was approximately 80 mins and maximum degradation
(80%) seemed to be achieved after 6 hours of treatment. Even at the highest dose,
degradation did not appear to go to completion, with around 20% of AurKA-Venus remaining
after 6 hours treatment, which is similar to other reported PROTACs in the literature (Salami
et al., 2018; Zorba et al., 2018).
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Figure 5-6 Time- and concentration-dependent degradation of AurKA by PROTAC-D
Degradation of AurKA-Venus in hTERT-RPE1 AurKA-VenusKI cells arrested in mitosis by STLC after PROTAC-D
treatment with single cell live imaging. A) Degradation of AurKA-Venus over time at different concentrations of
PROTAC-D, mean and SD are shown, n ≥ 7. B) Degradation of AurKA-Venus after 3 hours of PROTAC-D treatment
at different concentrations of Cpd D, n = 5.

5.3 A ternary complex is required for PROTAC-D to function
The proposed mechanism of action of PROTACs requires the PROTAC to bind to the substrate
and the E3 ligase at the same time to form a favourable ternary complex for ubiquitination
(Roy et al., 2019). I tested this requirement of ternary complex formation for degradation by
treating hTERT-RPE1 AurKA-VenusKI cells with the monofunctional components of PROTAC-D.
Mitotically arrested cells with STLC were filmed for AurKA-Venus degradation after 3 hours of
treatment with either the bifunctional full length PROCTAC-D, just the AurKA ligand
MLN8237, or just the CRB ligand pomalidomide [Fig 5-7A].
The results showed that neither MLN8237 nor pomalidomide on its own affected AurKA levels
and that degradation depended on the bifunctional PROTAC, consistent with ternary complex
formation being needed for degradation.
To further prove that a functional ternary complex is required for degradation, I tested if the
activity of the PROTAC could be altered by competition with the monofunctional ligands of
the PROTAC. In order to do this, I treated STLC-arrested HeLa with 250 nM PROTAC-D along
with increasing concentrations of pomalidomide and measured PROTAC-mediated
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degradation of AurKA [Fig 5-7B]. The results showed that degradation by PROTAC-D was
reduced in competition with pomalidomide in a dose-dependent manner. Therefore, I
concluded that pomalidomide binds to CRB to prevent PROTAC-D binding and the formation
of a ternary complex.
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Figure 5-7 A ternary complex formation of PROTAC, AurKA, and CRB is required for AurKA degradation
A) Degradation of AurKA-Venus in hTERT-RPE1 AurKA-VenusKi cells arrested in mitosis with STLC treated with 1
µM PROTAC-D for 3 hours. Mean and SD are shown, Kruskal-Wallis one-way ANOVA on ranks for statistics, n =
15. B) Top: Immunoblot of remaining AurKA and GAPDH in STLC arrested HeLa cells co-treated with 250 nM of
PROTAC-D and increasing amounts of pomalidomide relative to PROTAC-D. Bottom: Quantification of the
immunoblot relative to GAPDH levels.
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5.4 In vitro characterisation of PROTAC binding and selectivity
In order to start understanding the phenotypic effects of target degradation by PROTACs, it
is necessary to distinguish the effects caused by AurKA degradation and that of on-target
kinase inhibition by the MLN8237 warhead, as well as off-target effects. Therefore, to assist
these observations, I decided to look at the inhibition kinetics of PROTAC-D and PROTAC-DX
compared to its MLN8237 warhead. I also investigated the inhibition kinetics of Cpd A to see
if it could be used as a negative non-degrading control PROTAC since it contains the MLN8237
binder for AurKA but is yet unable to induce degradation of AurKA [Fig 5-3 and Fig 5-4]. Cpd
A has the same PEG unit length of the linker as PROTAC-D [Table 5-1], so I expected it to have
biophysical properties and AurKA binding similar enough to compare the effects of inhibition
against degradation for PROTAC-D.
The affinity of PROTAC-D, PROTAC-DX and Cpd A for AurKA compared with MLN8237 were all
tested externally using the ThermoFisher SelectScreen kinase profiling service. This consists
of in vitro assays to measure the ability of the PROTACs and MLN8237 to inhibit the activity
of AurKA as measured by the reduced phosphorylation of a substrate peptide using FRET.
Table 5-2 In vitro IC50 values of AurKA inhibition by the PROTACs and MLN8237
AurKA IC50 (nM)
MLN8237

0.63

PROTAC-D

3.58

PROTAC-DX

4.78

Cpd A

6.17

AurKA Z’-LYTE CR kinase assays were carried out by ThermoFisher Scientific to test the IC50 of the compounds.
The compounds were tested against full length AurKA without any interacting partners. Results are shown as
geometric means of three repeats.

Comparing the IC50 values for inhibition of in vitro activity of AurKA, I can see that MLN8237
is a more effective inhibitor and therefore, has a much higher binding affinity compared to
the three PROTACs tested [Table 5-2]. This result shows that the bulkier PROTACs may provide
some steric hindrance in binding to AurKA compared to the MLN8237 warhead alone.
Additionally, what is interesting is that although PROTAC-DX has a higher IC50 so a presumed
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weaker binding to AurKA compared to PROTAC-D, it is a better degrader of AurKA [Fig 5-5].
This finding supports the notion that the efficacy of a PROTAC not only relies on binding to
the target substrate, but also the ability to form a favourable ternary complex between the
E3 ligase and target protein (Bondeson et al., 2018). Importantly, the IC50s of the PROTACs
are very similar suggesting that Cpd A is able to inhibit AurKA with similar kinetics to PROTACD at least in vitro.
I next decided to compare the in vivo inhibition of AurKA by PROTAC-D and Cpd A. Since they
both bind to AurKA via the MLN8237 warhead, a kinase inhibitor of AurKA, I used AurKA T288
autophosphorylation (pT288) as a readout for AurKA activity, and thus the ability of the
molecules to access the ATP binding pocket and inhibit AurKA activity (Görgün et al., 2010).
To do this, STLC-arrested HeLa cells were treated with 250 nM PROTAC-D, Cpd A, or MLN8237
as a positive control. The levels of AurKA, and AurKA pT288 were then assessed by
immunoblot [Fig 5-8].
The results showed that as expected, Cpd A and MLN8237 did not affect AurKA levels over
time, whereas PROTAC-D caused a loss of AurKA. Looking at AurKA pT288, I found that
MLN8237 greatly reduced AurKA autophosphorylation whereas PROTAC-D and Cpd A had a
much smaller and similar effect on AurKA pT288 status. The ability of the PROTACs to inhibit
AurKA activity less than MLN8237 in vivo is not a surprise given the results of the in vitro assay
[Table 5-2]. Additionally, PROTAC-D which includes the linker and E3 ligase ligand is much
larger in size compared MLN8237. The larger size could mean that it is less permeable and
thus at the same applied concentration, a lower effective concentration could be inside the
cell.
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Time
mitotic STLC-arrested HeLa cells for AurKA pT288, AurKA, and GAPDH after timed treatment of 250 nM
compounds. Bottom panel: Quantification of AurKA pT288 and AurKA levels. AurKA levels shown are normalised
to GAPDH levels and AurKA pT288 levels shown are normalised to AurKA levels. Percentage remaining is
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5.5 AurKA degradation by the PROTAC causes mitotic exit by weakening the
SAC
In order to maximize the sensitivity of degradation assays, PROTAC experiments had been
carried out in cells arrested in mitosis with STLC. While analysing these experiments however,
it was observed that PROTAC-D treated cells were more likely to exit mitosis from STLC arrest
compared to DMSO control treated cells.
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The spindle assembly checkpoint (SAC) pathway is the mechanism by which the APC/C is kept
inactive up until metaphase by the pseudo-substrate mitotic checkpoint complex (MCC),
preventing anaphase onset. It is only when there is the correct attachment of all the
kinetochores to the spindle that the SAC is satisfied, and the APC/C is relieved from inhibition,
allowing it to degrade Cyclin B1 and Securin in order to initiate anaphase (Lara-Gonzalez et
al., 2012). The SAC is important as it prevents pre-mature anaphase where the spindles are
not correctly attached to the correct sister chromatids, this can result in improper chromatid
segregation leading to aneuploidy. The mitotic arrest established by STLC is a result of the
SAC being active since STLC causes monopolar spindles due to its inhibition of the microtubule
motor protein Eg5 (Skoufias et al., 2006). Many components involved in the SAC have been
well studied and AurKB has been shown to have either a direct or indirect role in maintaining
the SAC (Kallio et al., 2002). It has also been shown that AurKA may play role in maintaining
the SAC after AurKA inhibition was shown to cause an override of the SAC when cells are
arrested with microtubule perturbing agents (Courtheoux et al., 2018; Wysong et al., 2009).
However, given that the SAC controls the activity of the APC/C, any treatment that perturbs
the SAC resulting in the activation of APC/C will result in the degradation of AurKA as a
consequence of mitotic exit, independently of PROTAC-mediated ubiquitination. For this
reason, the cells tested in live cell imaging assays using STLC-arrest were only selected for
analysis if they remained arrested during the treatment period, so as to exclude cells in which
APC/CCdh1 might be active.
To explore further the observation that SAC is sensitive to PROTAC-D, I first quantified that
PROTAC-D does indeed enhance mitotic exit in STLC arrested hTERT-RPE1 AurKA-VenusKI cells
where the SAC is active. This was measured by the percentage of cells exiting from mitosis
within 3 hours of treatment with PROTAC-D or the control compound, Cpd A, which showed
a greater percentage of mitotic exit in PROTAC-D treated cells [Fig 5-9A]. I next looked at
Cyclin B1 degradation as another readout for SAC inactivation since Cyclin B1 degradation is
the most sensitive readout for SAC inactivation. Cyclin B1 since is one of the key substrates of
the APC/CCdc20, and its degradation is required for CDK1 inactivation and thus the initiation of
anaphase and mitotic exit (Clute & Pines, 1999; Wheatley et al., 1997). Therefore, I looked at
the degradation of Cyclin B1-Venus in STLC-arrested hTERT-RPE1 Cyclin B1-VenusKI cells after
3 hours of PROTAC-D or Cpd A treatment. I found that PROTAC-D caused the degradation of
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Cyclin B1-Venus in STLC arrested cells whilst Cpd A had a much smaller effect [Fig 5-9B].
Consistent with this, the time taken for the mitotic exit after the addition of PROTAC-D was
shorter than for Cpd A [Fig 5-9C]. One explanation for this result might be that Cpd A is
inhibiting AurKA to override the SAC, leading to Cyclin B1 degradation, and that the greater
effect of PROTAC-D is due to the additional downregulation of AurKA by degradation. On the
other hand, PROTAC-D might be non-specifically targeting Cyclin B1 for degradation, thereby
causing mitotic exit directly and independently of the SAC. [Cyclin B1 degradation seen with
Cpd A might not be enough to cause slippage, difference in Fig A v B]
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Figure 5-9 PROTAC-D treatment causes Cyclin-B1-Venus degradation and mitotic exit from STLC arrest
A) Percentage of STLC arrested hTERT-RPE1 AurKA-VenusKI cells that exit mitosis within 3 hours of treatment
with 250 nM PROTAC-D, or Cpd A. Mean and SEM are shown from 3 separate experiments, ordinary one-way

127

ANOVA for statistics. B) Degradation of Cyclin B1-Venus in STLC arrested hTERT-RPE1 Cyclin B1-VenusKI cells after
3 hours of treatment with 250 nM PROTAC-D, or Cpd A. Mean and SD are shown, ordinary one-way ANOVA for
statistics, n ≥ 17. C) Time taken for cells in B) to exit mitosis after the beginning of treatment. Mean and SD are
shown, Kruskal-Wallis one-way ANOVA for significance, n ≥ 22.

I decided to investigate further if it was the non-specific direct PROTAC-mediated targeting of
Cyclin B1 which was causing mitotic exit and to achieve this, I made use of two APC/C
inhibitors. The first is APCin which binds to the D-box receptor, a composite site at the
interface of Cdc20 and APC/C, resulting in competitive inhibition of the ubiquitylation of Dbox-containing substrates (Sackton et al., 2014). The second is proTAME which mimics the Cterminal tail of the APC co-activators and thus binds to the APC and prevents binding to Cdc20
and Cdh1 (Sackton et al., 2014; X. Zeng et al., 2010). The combination of these drugs has been
shown to prevent APC/C-dependent degradation of Cyclin B1 (Sackton et al., 2014), so I
investigated if PROTAC-D could still cause the degradation of Cyclin B1 in the presence of
APCin and proTAME. If PROTAC-D, which utilises the CRB E3 ligase, was responsible for Cyclin
B1 degradation, I would still see degradation in the presence of APCin and proTAME. To test
this, STLC-arrested hTERT-RPE1 Cyclin B1-VenusKI cells were treated with PROTAC-D in the
presence or absence of the APC/C inhibitors, APCin (40 µM) and proTAME (20 µM). The
amount of Cyclin B1-Venus degradation was then measured after 3 hours of treatment [Fig
5-10A]. Additionally, the percentage of cells which exited mitosis in that time was also
measured [Fig 5-10B].
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Figure 5-10 Cyclin-B1 degradation after PROTAC-D treatment is sensitive to APC/C inhibition

128

A) Degradation of Cyclin B1-Venus in STLC-arrested hTERT-RPE1 Cyclin B1-VenusKI cells after 3 hours of treatment
with 250 nM PROTAC-D with and without APCin (40 µM) and proTAME (20 µM). Mean and SD are shown, MannWhitney t-test for significance, n ≥ 11. B) Percentage of STLC arrested hTERT-RPE1 Cyclin B1-VenusKI cells that
exit mitosis within 3 hours of treatment with 250 nM PROTAC-D with and without APCin (40 µM) and proTAME
(20 µM).

These results show that PROTAC-D-induced degradation of Cyclin B1-Venus is sensitive to
inhibition of the APC/C. Additionally, APCin/proTAME treatment prevented mitotic exit from
STLC-arrest of cells treated with PROTAC-D. Therefore, the degradation of Cyclin B1 is not
mediated directly by PROTAC-D but is a result of a weakened SAC. This finding of PROTAC-Dmediated degradation of AurKA and the observation that there is mitotic exit from STLC arrest
is consistent with the existing literature describing a role of AurKA in SAC (Courtheoux et al.,
2018). However, it could also be a possibility that the PROTAC could have a direct effect on
AurKB due to MLN8237 also being able to bind to and inhibit AurKB (Asteriti et al., 2014; de
Groot et al., 2015). The inhibition and or degradation of AurKB could also affect SAC function
and therefore mitotic exit. I will explore the effect of PROTAC-D on AurKB later on in this
chapter.
Importantly, I also tested whether AURKA-Venus degradation in response to PROTAC-D in
STLC-arrested hTERT-RPE1 AurKA-VenusKI cells was dependent or independent of the APC/C
by examining the degradation in the presence of APCin and proTAME. I found that AURKAVenus degradation in response to PROTAC-D was not inhibited by APCin and proTAME in
either live cell imaging experiments [Fig 5-11A] or by immunoblot [Fig 5-11B]. These results
prove that AurKA degradation by PROTAC-D is upstream of mitotic exit rather than as a result
of mitotic exit caused by SAC failure.

129

A
% AurKA remaining after 200 min

250

✱✱✱✱
✱✱✱✱
200

150

100

50

RPE1 AURKA-Venus KI Mitotic enrinched
0

DMSO

B

PROTAC+D

DMSO +
APCin/proTAME

PROTAC-D +
APCin/proTAME

PROTAC D
1 µM

-

-

+

+

APCin +
proTAME

-

+

-

+

Hrs

0

1

2

3

0

1

2

3

0

1

2

3

0

1

2

3
AurKA-Venus
Beta-Tubulin

Figure 5-11 AurKA-Venus degradation by PROTAC-D is insensitive to APC/C inhibition
A) Percent of AurKA-Venus remaining in STLC-arrested hTERT-RPE1 AurKA-VenusKI cells after 1 µM PROTAC-D
treatment with and without APCin (40 µM) and proTAME (20 µM). Mean and SD are shown, Mann-Whitney ttest or unpaired t-test for significance, n ≥ 25. B) Time-course immunoblot of AurKA-Venus in STLC arrested
hTERT-RPE1 AurKA-VenusKI cells after PROTAC-D treatment with and without APCin (40 µM) and proTAME (20
µM).

5.6 PROTAC-D-mediated degradation of AurKA is independent of its known
degrons
In the previous section, I confirmed that the observed Cyclin B1 degradation and mitotic exit
in STLC arrested cells after PROTAC-D treatment is dependent on the APC/C. While the
degradation of AurKA did not require the activity of the APC/C, I was curious to know if
ubiquitin-mediated degradation of AurKA by CRB required any of the same substrate-specific
determinants as its cognate ubiquitination pathway. AurKA is normally degraded by the
APC/CCdh1 at mitotic exit and it is recognised and bound through substrate-specific
determinants called ‘degrons’ which have been identified in the literature to potentially
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include the D-box, A-box, and KEN motif (Castro et al., 2002; Lindon et al., 2015; Littlepage &
Ruderman, 2002; Taguchi et al., 2002). Additionally, it has been shown that AurKA stability
can be regulated through its phosphorylation state. The phosphorylation of the S51 residue
within the A-Box prevents APC/CCdh1-mediated degradation of AurKA (Littlepage & Ruderman,
2002) and points towards a role of the phosphatase PP2A to dephosphorylate AurKA S51 prior
to its degradation (Horn et al., 2007). The constitutively phosphorylated S51D mutant of
AurKA has been shown to be resistant to APC/CCdh1 degradation (Kitajima et al., 2007).
Therefore, I decided to see if the A-box and dephosphorylated S51 residue of AurKA are
required for PROTAC-D-mediated degradation.
I first utilised an hTERT-RPE1 cell line expressing AurKA-Venus-∆32-66 (∆A-box) under a
tetracycline-inducible promoter. These cells were arrested in STLC and treated with PROTACD for 3 hours and the degradation of ∆A-box-AurKA-Venus was measured [Fig 5-12].
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Figure 5-12 PROTAC-D degrades ∆A-box-AurKA
Degradation of ∆A-box-AurKA-Venus in an hTERT-RPE1 cell line expressing ∆A-box-AurKA-Venus under a
tetracycline-controlled promoter. Cells were arrested with STLC and treated with 250 nM PROTAC-D and
degradation was measured after 3 hours. Mean and SD are plotted, unpaired t-test for significance, n ≥ 15.

The results show that even though ∆A-box-AurKA-Venus is not degraded in mitotic lysates
and at mitotic exit (Crane et al., 2004; Lindon et al., 2015), PROTAC-D is still capable of
degrading this mutant.
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Next, I tested the degradation of the phosphomimic S51D mutant of AurKA by PROTAC-D.
U2OS cells were transfected with wild-type-(WT)-AurKA-Venus or S51D-mutant AurKAVenus. These cells were allowed to recover for a day prior to treatment with STLC in order to
mitotically arrest the cells. Cells were then treated with PROTAC-D and the degradation of
WT-AurKA-Venus and S51D-AurKA-Venus was measured after three hours by single cell timelapse imaging [Fig 5-13A]. Additionally, because these U2OS cells are transfected with AurKA
and have high levels of expression in interphase, I could study the degradation by PROTAC-D
outside of mitosis. Therefore, the WT-AurKA-Venus and S51D-AurKA-Venus cells were also
imaged without STLC treatment to measure degradation in interphase [Fig 5-13B].
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Figure 5-13 PROTAC-D degrades S51D-AurKA
After transfection of the WT- or S51D-AurKA-Venus constructs into U2OS cells and 1-day recovery, cells were
arrested with STLC (A) or left unsynchronised in interphase (B) and treated with 250 nM PROTAC-D. Degradation
was measured after 3 hours of treatment. Mean and SD are plotted, unpaired t-test for significance or MannWhitney test significance, n ≥ 10.

The results showed that in both interphase and in mitotically arrested cells, PROTAC-D was
capable of inducing the degradation of the APC/C-resistant S51D-AurKA-Venus. We observed
that in the case of WT-AurKA-Venus, there was less degradation in interphase cells compared
to mitotic cells. This is probably because some degradation is off-set by the continued
synthesis of AurKA-Venus during interphase, whilst translation of AurKA-Venus in mitosis is
attenuated, along with much of the proteome (Tanenbaum et al., 2015).
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These findings suggest that the normal requirements such as the A-box degron or the
dephosphorylation of the S51 residue for AurKA degradation by the APC/C during the cell
cycle is not needed for PROTAC-D-mediated degradation. Additionally, PROTAC-D was able to
degrade AurKA during mitosis and interphase, this highlights further that PROTAC-mediated
degradation is independent of cell cycle-dependent pathways. This finding along with the
ability of AurKA to be degraded in the presence of the APC/C inhibitors by PROTAC-D, reveal
that PROTACs offer a completely orthogonal approach to normal protein degradation.

5.7 AurKA degradation by PROTAC-D is specific
An important aspect for any drug is in how specific it is towards its target, as a non-specific
drug can cause off-target effects and potential unwanted side effects. PROTACs are no
exception to this rule as off-target degradation can give pleiotropic effects. I have already
shown that PROTAC-D does not directly cause the degradation of Cyclin B1. However, one key
protein to look at is the closely related AurKB which was previously mentioned earlier, where
its inhibition and or degradation could cause mitotic exit. PROTAC-D being based on MLN8237
to bind to AurKA should in theory have a binding affinity for AurKB too due to its similarity
with AurKB especially within the kinase domain (de Groot et al., 2015). Although there is a
degree of specificity of MLN8237 for AurKA over AurKB, it has been shown that even at 50
nM, MLN8237 can cause inhibition of AurKB activity and that the reported selectivity ratio for
inhibiting AurKA-TPX2(1-43):AurKB-INCENP(783-918) is approximately 5-fold (Asteriti et al.,
2014; de Groot et al., 2015).
I was able to obtain data on the selectivity of the PROTACs for AurKA over AurKB using the in
vitro assay by ThermoFisher described in section 5.4. Comparing the kinetic inhibition of
AurKA and AurKB activity by PROTAC-D, PROTAC-DX, Cpd A, and MLN8237, I found that the
PROTACs and MLN8237 all have greater specificity for AurKA over AurKB but the PROTACs
have greater fold-specificity compared to MLN8237 [Table 5-3]. This increased in vitro
selectivity of the PROTACs for AurKA over AurKB might arise because of steric parameters
conferred by the additional bulk of the PROTAC compared to MLN8237 (Bondeson et al.,
2018).
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Table 5-3 In vitro IC50 values of AurKA and AurKB inhibition by the PROTACs and MLN8237
AurKA IC50 (nM)

AurKB IC50 (nM)

AurKA/AurKB
Fold-selectivity

MLN8237

0.63

5.25

8.3

PROTAC-D

3.58

77.2

21.6

PROTAC-DX

4.78

113

23.7

Cpd A

6.17

95.4

15.5

AurKA and AurKB Z’-LYTE CR kinase assays were carried out by ThermoFisher Scientific to test the IC50 of the
compounds. The compounds were tested against full length AurKA without any interacting partners. Results are
shown as geometric means of three repeats (MLN8237, PRROTAC-D, PROTAC-DC) or two (Cpd A).

Although the in vitro data shows greater binding selectivity of PROTAC-D for AurKA compared
to AurKB, it does not rule out the possibility that PROTAC-D degrades AurKB in vivo. This is
especially the case because as I have shown for PROTAC-D and PROTAC-DX, and in the
literature, substrate binding affinity does not necessarily correlate with substrate degradation
(Bondeson et al., 2018; H. T. Huang et al., 2018; Salami et al., 2018). Therefore, I sought to
see if PROTAC-D caused degradation of AurKB using U2OS cell lines that stably express AurKAVenus or AurKB-Venus under tetracycline control (Floyd et al., 2013). These cells referred to
as UTA6-AurKA-Venus and UTA6-AurKB-Venus express the exogenous proteins upon the
removal of tetracycline. I measured the degradation of AurKA-Venus and AurKB-Venus in STLC
arrested UTA6 cells, 24 hours after the removal of tetracycline. The cells were treated with
250 nM PROTAC-D and degradation was measured in single cell time-lapse imaging after 3
hours of treatment [Fig 5-14].
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Figure 5-14 PROTAC-D does not significantly degrade AurKB in UTA6 cells
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AurKA-Venus and AurKB-Venus degradation in STLC arrested UTA6 cells after 3 hours of 250 nM PROTAC-D
treatment as measured by single cell time-lapse imaging. Mean and SDs are plotted from 3 separate experiments
combined, Mann-Whitney t-test for significance, n ≥ 45.

These results show that the selectivity of PROTAC-D for AurKA over AurKB observed in vitro
[Table 5-3] is also true in cells, and that PROTAC-D causes minimal, if any, degradation of
AurKB. Therefore, the mitotic exit and weakening of the SAC discussed in section 5.5 is
unlikely due to PROTAC-D-mediated AurKB degradation, but this does not rule out the
possibility of the effects of AurKB inhibition. This further supports the idea that the increased
size and or complexity of the PROTAC creates new steric parameters influencing ternary
complex formation and thus target discrimination (Bondeson et al., 2018; Smith et al., 2019).
It is well known that AurKA interacts with different proteins within multi-protein complexes
during mitosis, that contribute towards its localisation and function (Carmena et al., 2009).
Because of the non-specific ability of E3 ligases to ubiquitinate what is brought into close
proximity by the PROTAC, it could be hypothesised and demonstrated that such interactors
that are bound to AurKA might also be brought into close enough proximity to the E3 ligase
by the PROTAC (Hsu et al., 2020; Potjewyd et al., 2020). This would lead to ectopic
ubiquitination and subsequent degradation of such interactors of the intended target of the
PROTAC. Alternatively, the complex might simply be degraded at the proteasome on the basis
of being recruited there by the specific ubiquitination of the intended target within the
complex. Therefore, I examined if PROTAC-D can cause the degradation of two well-known
interacting partners of AurKA: TPX2 and TACC3.
TPX2 is a well characterised interactor of AurKA and is involved in correct spindle assembly
(Garrett et al., 2002). Its expression levels increases from S-phase onwards (Giubettini et al.,
2011; Gruss et al., 2002) and it interacts with AurKA from early mitosis. TPX2’s interaction
with AurKA has two major functions. The first is to activate AurKA, the binding alters AurKA’s
conformation and activate it independently of T288 autophosphorylation but also prevents
AurKA from being dephosphorylated by PP1 (Bayliss et al., 2003; Zorba et al., 2014). The
second is to localise AurKA to the spindle microtubules so that microtubule nucleation can
occur through the activation of NEDD1 and recruitment of the γ-tubulin ring complex (γ-TuRC)
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astral microtubules during mitosis (LeRoy et al., 2007; Rajeev et al., 2019). The
phosphorylation also recruits TACC3 to the spindle where it can stabilise kinetochore
microtubules by forming cross bridges (Booth et al., 2011; Burgess et al., 2015; Cheeseman
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HeLa cells arrested by STLC were treated with different concentrations of PROTAC-D for 3
hours and then AurKA, AurKB, and TPX2 levels were measured by immunoblot [Fig 5-15]. The
results showed that there was no degradation of endogenous AurKB or TPX2 even at 1 µM of
PROTAC-D despite significant AurKA degradation.
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Figure 5-15 PROTAC-D does not degrade endogenous TPX2 or AurKB
Top: Immunoblot for TPX2, AurKA, and AurKB in STLC arrested HeLa cells after 3 hours treatment of PROTAC-D
at 3 different concentrations. Untreated cells were cells harvested at time = 0 hour. Bottom: Quantification of
immunoblots from 3 separate experiments showing the mean and SEM % of protein remaining relative to DMSO
after 3 hours of treatment.
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Figure 5-16 PROTAC-D does not degrade endogenous TACC3
Immunoblot for TACC3, TPX2, AurKA-Venus, and AurKA in STLC arrested hTERT-RPE1 AurKA-VenusKI cells after
250 nM PROTAC-D for 3-12 hours. Untreated cells were harvested at time = 0 hour.

I found that there was minimal degradation of TACC3 and TPX2 up to 12 hours of treatment,
despite AurKA degradation [Fig 5-16]. Therefore, I show that PROTAC-D-mediated
degradation of AurKA is highly specific, and AurKA interacting partners are not degraded. This
result further points to the importance of correct ternary complex formation of the substrate,
PROTAC, and E3 ligase for successful ubiquitination (Bondeson et al., 2018; Smith et al., 2019)

5.8 Conclusion
In this chapter, I initially tested two types of PROTACs based on recruiting either the CRB or
VHL E3 ligase. After initial tests by immunoblot and live single-cell imaging of AurKA
degradation, I discovered that only the CRB-recruiting PROTACs were capable of degrading
AurKA. It is unclear why the VHL-recruiting PROTACs are unable to degrade AurKA even
though we know that Cpd A is at least capable of binding to AurKA and inhibiting its activity
as shown in the pT288 assay. The cell lines which I have used are also known to express VHL,
which is constitutively active (Chesnel et al., 2015; Dere et al., 2015; Maynard et al., 2005). It
is likely that the VHL PROTACs are not able to recruit VHL or that a successful ternary complex
allowing the ubiquitination of AurKA is not able to be achieved, at least not with the linkers
tested. We also observed that in the case of the CRB-recruiting PROTACs, the longer the
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linker, the greater the degradation. This observation led us to test one new CRB-based
PROTAC of a greater linker length that was the best degrader of AurKA. It is well known that
linker length can affect PROTAC efficacy and an increase in linker length may allow greater
flexibility in forming a ternary complex but this correlation is not always true (Cyrus et al.,
2011; Smith et al., 2019; Zorba et al., 2018). I showed that AurKA degradation begins
immediately after the addition of PROTAC-D. Additionally, the maximal degradation is around
80% after 6 hours of treatment with a t1/2 of 80 mins treatment in the case of 1 µM PROTACD, and the DC50 is approximately 90 nM.
Work in this chapter demonstrated a role for AurKA in maintaining the SAC, as PROTAC-Dtreated cells were able to exit mitosis earlier in the presence of the drug STLC (Courtheoux et
al., 2018). This degradation was not dependent on the normal degradation pathway during
mitosis at anaphase onset by the APC/C, nor did it utilise the A-box degron of AurKA or require
the dephosphorylation of S51. Furthermore, AurKA was able to be degraded in interphase
too, showing that PROTAC-D activity is not cell cycle-stage-dependent. Furthermore,
exogenously expressed AurKA at levels higher than endogenous levels were capable of being
degraded. This shows that PROTACs are robust catalytic tools that can work with
overexpressed proteins and not saturate the proteasome machinery. I showed that PROTACD was also highly specific in the degradation of AurKA as there was no degradation of AurKB
despite similar in vitro binding for the two, supporting the importance and correct ternary
complex formation in degradation (Bondeson et al., 2018; H. T. Huang et al., 2018).
Additionally, proteins that exist in a complex with AurKA such as TPX2 and TACC3 are not
degraded by PROTAC-D. Even with AurKA being depleted by the PROTAC, their levels remain
relatively constant showing that those proteins themselves appear to not be destabilised by
the absence of their binding partner. I concluded that either only unbound AurKA can be
targeted by the PROTAC, or that the PROTAC is selective in just ubiquitinating AurKA within a
complex.
Overall, in this chapter, I demonstrate that I have a functional CRB E3-based PROTAC against
AurKA and that a crucial aspect for PROTAC-mediated degradation is the correct formation of
a ternary complex (Gadd et al., 2017; Zorba et al., 2018). In the next chapter, I go on to explore
the cellular impact of AurKA destruction.
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Chapter 6 PROTAC-D-mediated degradation is selective for spindle
AurKA over centrosomal AurKA
6.1 Introduction
The PROTAC field that first began in 2001 (Sakamoto et al., 2001) has been around now for a
couple of decades and has made rapid advances since the initial all-small molecule PROTAC
(Sakamoto et al., 2001; Schneekloth et al., 2008). Since then, their potential has been realised
in two areas. The first is therapeutically as a technology to be used for clinical indications
associated with protein signalling pathways. The second is as a tool to study protein function
as PROTACs offer a unique opportunity to conveniently look at the acute depletion of a
particular protein, rather than the gradual selection of survived cells associated with any
genetic methods. This direct approach avoids problems arising from compensatory pathways
or reprogramming. Most work so far has been focused on PROTACs as a therapeutic tool, with
characterization mostly at the biochemical level. Only a small number of studies so far have
used PROTACs as tools to study protein function, for example, one study looked at non-kinase
functions of proteins such as FAK (Cromm et al., 2018) and another at the roles of proteins in
disease function (Burslem et al., 2019). Clearly, more work could be done with PROTACs at a
cell biology level. Therefore, building on from the previous chapter where I validated PROTACD as an effective and specific tool for AurKA degradation, I sought next to explore more at a
cellular level how the PROTAC functions and if there are any phenotypic effects of targeted
AurKA degradation compared to kinase inhibition.

6.2 AurKA degradation is more sensitive to PROTAC-D on the mitotic spindle
relative to the centrosome
To look more closely at what the phenotypic effect of AurKA degradation is, I adopted
immunofluorescence (IF) microscopy. Since AurKA’s most well-known function is during
mitosis, it was decided to study the effects of AurKA depletion in mitosis. To time the
treatment of PROTAC-D with cells in mitosis, I needed a synchronisation protocol. This was
done by seeding and then arresting U2OS cells with thymidine, which disrupts
deoxynucleotide metabolism pathway and arrests cells in S-phase. After 24 hours arrest in
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hours prior to fixation for IF. This ensured that the majority of cells were entering mitosis or
already in mitosis during the 3 hours of treatment. Microtubule poisons such as STLC or Taxol
etc. could not be used to synchronise cells in mitosis as their effects on the microtubule could
mask that of any effects of AurKA degradation on the spindle. IF images of cells in mitosis
were acquired after staining for Hoechst, Tubulin, and AurKA [Fig 6-1A]. Some cells were also
stained for AurKB [Fig 6-1B].
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Figure 6-1 IF images of mitotic cells treated with PROTAC-D
Representative IF images of U2OS cells synchronised through into mitosis and treated for 3 hours with 100 nM
PROTAC-D, MLN8237 or DMSO prior to fixation. A) Cells were stained for AurKA (red), Tubulin (green), and
Hoechst (blue). B) Cells were stained for AurKB (red), Tubulin (green), and Hoechst (blue). IF montage made with
the assistance of Dr Catherine Lindon.
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The IF images revealed that AurKA localised to the spindle and spindle poles as expected, and
AurKB localised to the centromeres. It can be seen that after 100 nM MLN8237 treatment,
there is a marked loss of AurKA staining on the spindle and the spindle poles and there is no
longer a bipolar spindle. This is in agreement with the literature as MLN8237 treatment yields
impaired microtubule nucleation and disorganised spindles that can lead to multipolar or
failed cell division (Asteriti et al., 2014; Görgün et al., 2010). The reduced AurKA seen at the
centrosomes is potentially due to the positive feedback loop in which AurKA and PLK1 play in
recruiting each other at the centrosome. This highlights and is consistent with the kinasedependent role that AurKA has in centrosome maturation, microtubule nucleation and
bipolar spindle formation and stability (Joukov, Walter, & De Nicolo, 2014; Kinoshita et al.,
2005). PROTAC-D treatment on the other hand paints a very different picture. Firstly, there is
a loss of AurKA from the spindles, but there is a population of AurKA still remaining on the
centrosomes suggesting that localisation is an important parameter governing sensitivity to
PROTAC-D. Secondly, the extreme effect on spindle organization seen after MLN8237
treatment is absent, consistent with residual AurKA on the centrosome. AurKB levels
appeared unaffected by PROTAC-D treatment and its localisation was unchanged, confirming
the degradation specificity of PROTAC-D for AurKA.
I further quantified this biased degradation of AurKA at the spindles by measuring the amount
of AurKA at the spindles and at the centrosome after PROTAC-D treatment. To do this, U2OS
cells were synchronised into mitosis after release from a thymidine block into APCin and
proTAME. Mitotic cells were treated with 250 nM PROTAC-D for 3 hours prior to fixation for
IF. The IFs were then stained for Hoechst, AurKA, and CEP192 as a counterstain for the
centrosomes. CEP192 is an essential component of the centrosome that facilitate its
maturation and recruitment of g-tubulin ring complexes for microtubule assembly (GomezFerreria et al., 2007; Joukov, Walter, & Nicolo, 2014; Zhu et al., 2008). A circular ROI of a fixed
diameter was drawn at the brighter of the two spindle poles as indicated by CEP192 staining,
to measure centrosomal AurKA, and a larger ROI between the centrosome and the metaphase
plate to measure spindle-associated AurKA [Fig 6-2A].
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Figure 6-2 PROTAC-D degrades spindle AurKA greater than centrosomal AurKA
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U2OS cells synchronised through into mitosis and treated for 3 hours with 250 nM of DMSO or PROTAC-D prior
to fixation for IF and quantified for AurKA on the centrosome or the spindle. Cells were stained for AurKA (green),
CEP192 (red), Hoechst (blue). A) Example of the regions of interest selected for centrosomal (5-pixel diameter)
or spindle (35-pixel diameter) measurements of AurKA. B). AurKA IF intensities after background subtraction at
the centrosome (blue) or spindle (orange) are plotted using two separate axes. Mean and SDs are plotted,
unpaired t-test for significance, n ≥ 32. C) AurKA intensities normalised to the mean of the DMSO control at the
centrosome or spindle are plotted, Mean and SDs are plotted, unpaired t-test for significance, n ≥ 32.

The results showed that 250 nM PROTAC-D did reduce the levels of AurKA at the centrosome
and spindles [Fig 6-2B, C]. However, the relative amount of degradation is much greater on
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the spindle (80%) compared to that of the centrosome (60%), demonstrating that different
pools of AurKA are differentially susceptible to PROTAC-mediated degradation.

6.3 AurKA activity still remains at the centrosome after PROTAC-D
treatment
It has been previously observed through FRAP experiments that AurKA rapidly exchanges in
and out of the centrosome and mitotic spindle (Stenoien et al., 2003). In section 6.2, I found
that a population of AurKA remains on the centrosome after PROTAC-D treatment. This
finding would be consistent with the idea that there is a distinct immobile pool of AurKA on
the centrosomes which does not exchange with the cytoplasm and is somehow inaccessible
to the PROTAC (Bertolin et al., 2016). In this section, I decided to investigate why there could
be this inaccessible pool of AurKA on the centrosome which is not being exchanged with the
cytoplasm. To do this, I examined the effect of MLN8237 and PROTAC-D on AurKA activity at
the centrosomes to see how the drugs interact with the centrosomal pool of AurKA. This
would report on whether PROTAC-D is able to access and inhibit AurKA at the centrosome.
PROTAC-D may have limited access to and therefore inhibition of AurKA on the centrosome,
resulting in limited degradation. Another explanation for reduced degradation is that AurKA
may be able to bind to CEP192 on the centrosome but not degrade it as efficiently due to the
inability to recruit the ubiquitin machinery to the centrosome.
To investigate this, I looked at the downstream centrosomal marker of AurKA activity, pS83LATS2 (pLATS2) that has been shown to be a reliable marker for AurKA activity (de Groot et
al., 2015). LATS2 is a centrosomal serine/threonine kinase that is phosphorylated by AurKA
on S83 and potentially plays a role in microtubule nucleation and spindle formation (Abe et
al., 2006; Toji et al., 2004). Once again, U2OS cells were synchronised for entering mitosis like
in the previous section and IF was employed to examine the effects of pLATS2 upon MLN8237
or PROTAC-D treatment. The IFs were stained for Hoechst, Tubulin, and pLATS2 and images
were then acquired and quantified in mitotic cells where a bipolar spindle was assembled [Fig
6-3A]. In cells that lacked spindle microtubules, cells that appeared to be in prometaphase or
metaphase with separated centrosomes or chromosomes aligned at the equator were
imaged.
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Figure 6-3 pLATS2 staining persists on the centrosome after PROTAC treatment
U2OS cells synchronised through into mitosis and treated for 3 hours with increasing concentrations of PROTACD, MLN8237 or DMSO prior to fixation. A) Representative IF images of the cells stained for Hoechst, Tubulin, and
pLATS2. B) Quantification of pLATS2 intensity from the IFs within a 30-pixel diameter centred around the
centrosome after background subtraction. Mean and SD are shown, Kruskal-Wallis one-way ANOVA on ranks
for statistics, n ≥ 24.

After quantifying the IF intensities, I found a clear loss of pLATS2 staining in a dose-dependent
manner after MLN8237 treatment, reporting on the loss of AurKA activity at the centrosomes
[Fig 6-3B]. Surprisingly, pLATS2 persisted at high levels after treatment with increasing
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concentrations of PROTAC-D treatment. This finding was also confirmed with line-scan
analysis in two separate experiments [Supplementary figure 1]. At first interpretation, this
seems to suggest that PROTAC-D is unable to bind to and inhibit the AurKA that is located on
the centrosome compared to MLN8237, which can also explain the inability to degrade AurKA
on the centrosome as effectively. Therefore, the observed loss of AurKA at the centrosome
[Fig 6-2] might solely be because of turnover of AurKA from the centrosome with that of the
AurKA in the cytoplasm that is being degraded by the PROTAC. Although there is less AurKA
at the centrosome after PROTAC-D treatment, pLATS2 levels are not greatly affected. This
might be because the residual AurKA on the centrosome after PROTAC-D treatment is still
active and capable enough to phosphorylate LATS2 to levels comparable to control.
Therefore, it would seem that there is not a linear relationship between the remaining protein
and its downstream functional activity at the centrosome as measured by pLATS2 in the case
of AurKA.
Because of the potentially non-linear relationship between AurKA activity and pLATS2
readout, I looked directly at active AurKA levels by means of examining AurKA T288
phosphorylation (pT288), a marker for active AurKA at the centrosome (Eyers et al., 2003). In
this experiment, I also looked at the effect of AurKA pT288 after Cpd A treatment. This was
done because there appeared to be a large difference between the effects mediated by
PROTAC-D and MLN8237 [Fig 6-3]. Therefore, since MLN8237 is a much smaller molecule and
may be present at a much higher dose inside the cell, I decided it would be useful to
systematically compare Cpd A to PROTAC-D. I chose to compare Cpd A to PROTAC-D as they
are similar in size and I would expect them to show similar inhibitory kinetics on AurKA activity
without Cpd A inducing AurKA degradation. For this comparison, U2OS cells mitotically
synchronised into mitosis with thymidine block and released as before, using APCin and
proTAME treatment, were fixed for IF after 3 hours treatment with PROTAC-D, MLN8237, and
Cpd A. The cells were stained for AurKA pT288 and the amount of staining on the centrosome
was quantified [Fig 6-4].
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U2OS cells synchronised into mitosis after release from thymidine into APCin (40 µM) and proTAME (20 µM) for
6 hours, were treated for 3 hours with either DMSO, 50 nM MLN8237, 250 nM PROTAC-D, or 250 nM Cpd A, and
4.2 µM MG132. Cells were fixed and stained for IF to look at AurKA T288 and AurKA levels. A) Representative IF
images of the cells stained for Hoechst, pT288, and AurKA. B) Centrosomal AurKA pT288 intensity as quantified
by measuring a fixed diameter ROI (15-pixel) around the spindle pole. Mean and SD are plotted, Kruskal-Wallis
ANOVA for significance, n ≥ 27.

AurKA pT288 levels are reduced the most after MLN8237 treatment, whereas PROTAC-D and
Cpd A reduce AurKA pT288 by a smaller but similar amount. This is in agreement with
PROTAC-D and Cpd A having similar IC50s for AurKA inhibition whilst the IC50 for MLN8237 is
approximately 5-10-fold lower [Table 5-1]. In conclusion, these results reveal that PROTAC-D
does not inhibit AurKA activity on the centrosome as well as MLN8237, potentially suggesting
difficulties in accessing the centrosome. This, in addition to the possibility of difficulties in
recruiting CRB to the centrosome, may determine localisation-dependent degradation.
Importantly, it shows that PROTAC-D and Cpd A have similar inhibitory effects on AurKA at
the centrosome so any different effects seen when comparing the two should be because of
additional degradation conferred by the functioning PROTAC. [AurKA is upstream of

6.4 Spindle degradation of AurKA does not prevent bipolar spindle assembly
but results in shorter spindles
The dose-dependent phenotypes of MLN8237 inhibition of AurKA have been previously
published and include problems with microtubule nucleation, disorganized spindles and
multipolar or failed cell division (Asteriti et al., 2014). After seeing that PROTAC-D has a lesser
effect on AurKA activity or levels at the centrosome but depletes it from the spindle in mitotic
cells, I decided to investigate the same phenotypes comparing PROTAC-D and MLN8237. To
do this, I again synchronised U2OS cells from thymidine release into mitosis with 3 hours
treatment of different concentrations of MLN8237 or PROTAC-D treatment. The cells were
fixed and stained for AurKA, TPX2, and Hoechst, and IF images were acquired. Mitotic
phenotypes as a result of drug treatment were scored based on the spindle orientation and
any associated defects [Fig 6-5].
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Figure 6-5 Scored mitotic spindle defects after PROTAC-D and MLN8237 treatment
U2OS cells synchronised through mitosis and treated for 3 hours with increasing concentrations of MLN8237,
PROTAC-D or DMSO and fixed and stained with AurKA, TPX2, and Hoechst to assess mitotic phenotypes. A)
Examples of the mitotic phenotypes scored are shown with TPX2 in red and Hoechst in blue. B) Dosedependence of phenotypes using pooled data from 3 coverslips for each condition from a single experiment.
Percentage of cells counted displaying each phenotype is shown as a part of a whole, n ≥ 261. C) Mitotic
phenotype categories scored at a single dose of MLN8237 or PROTAC-D (100 nM) using data from 2 coverslips,
each from 3 independent repeats of the experiment, mean and SD for each experiment are plotted n ≥ 122. IFs
were scored and figure prepared with assistance from Dr Catherine Lindon.

148

The IF data showed that upon MLN8237 treatment, there was the expected concentrationdependent increase in mitotic spindle defects, ranging from spindle orientation defects at low
doses to spindle assembly defects at intermediate doses, to lack of MT nucleation at 250 nM
(Asteriti et al., 2014). This is consistent with the role AurKA activity has in centrosome
maturation and spindle assembly (Barr and Gergely 2007; Joukov et al. 2014). PROTAC-D
treatment on the other hand did not appear to produce the mitotic defects observed after
MLN8237 treatment. This was even the case at 250 nM of PROTAC-D, 10-times the dose at
which 25 nM of MLN8237 induced mis-orientated spindles. We would perhaps expect that at
these concentrations, PROTAC-D and MLN8237 would produce similar levels of inhibition,
given the >5-fold difference in enzyme inhibition of PROTAC-D and MLN8237 [Table 5-1]. The
lack of observation of the expected inhibition phenotypes after PROTAC-D treatment would
be consistent with the lack of cell permeability of PROTAC-D compared to MLN8237, such
that the effective intracellular concentration is much lower than 10-fold. However, even at
100 nM of PROTAC-D, there is a substantial loss of AurKA from the spindle showing that
PROTAC-D is present within the cell [Fig 6-2A]. Therefore, it is a possibility that PROTAC-D
cannot simply access the pool of AurKA at the centrosome as well as MLN8237. I concluded
that the mitotic defects caused by low doses of MLN8237 are due to the loss of AurKA activity
at the centrosome, and since centrosomal activity is still preserved in the presence of
PROTAC-D [Fig 6-3 and Fig 6-4], the same mitotic defects are not observed.
After PROTAC-D treatment, I did however observe that mitotic spindles were shorter than
those in DMSO-treated control cells. This was confirmed by carrying out line-scan analysis on
images captured from hTERT-RPE-1 cells synchronised through mitosis, treated with 250 nM
PROTAC-D or MLN8237 and fixed with cold methanol. Coverslips were stained for the
centrosomal marker CEP192, Tubulin, and Hoechst. Line-scans of a fixed length were drawn
through the spindle poles of metaphase-like cells as marked by CEP192, and orientated so
that each line-scan’s centre along its length was aligned at the midpoint between the spindle
poles [Fig 6-6A]. CEP192 intensity was then measured along the line using a profile plot tool
and plotted against distance [Fig 6-6B].
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Figure 6-6 Line-scans reveal shorter mitotic spindles after PROTAC-D treatment
IF line-scans of hTERT-RPE1 cells stained for CEP192 (green), Tubulin (red), and Hoechst (blue) after 250 nM
treatment of PROTAC-D, MLN8237, or DMSO. A) Line-scan drawn across a cell in metaphase treated with DMO,
the line is of a fixed distance (30 µm) and centred between the spindle poles. B) The profile plot of CEP192 IF
intensity from the line-scans showing the mean and SD, n ≥ 22. C) Example IF of 250 nM MLN8237 treated cells.

The peaks of CEP192 intensity in the line-scan represents the spindle pole distance, and these
measurements reveal that indeed the spindles are shorter after PROTAC-D treatment [Fig 66B]. MLN8237 treatment resulted in very little CEP192 staining and absent spindles which
were difficult to measure the length of, but a best attempt was made at identifying two
centrosomes to measure between [Fig 6-6C].
Our results so far show that PROTAC-D-mediated degradation has a smaller effect on
centrosomal AurKA compared to that of spindle localised AurKA, producing shorter spindles
as the only observed mitotic spindle defect. This finding is strongly reminiscent of a study
from the Hyman Lab, where they show that a mutant of TPX2 that is unable to interact with
AurKA produces short spindles (Bird & Hyman, 2008). In that study, the authors concluded
that TPX2 activates AurKA for microtubule nucleation from the chromatin and that this
pathway sets spindle length. In the absence of the TPX2-bound pool of AurKA, AurKA activity
at the centrosomes was still sufficient to nucleate centrosome-mediated microtubules, but in
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the absence of chromatin-mediated microtubules, the spindles were shorter. Therefore, I
speculated that PROTAC-D selectively depletes the TPX2-associated pool of AurKA on the
spindle, resulting in reduced microtubule nucleation from the chromosome-mediated
pathway whilst leaving the centrosomal nucleating pathway mostly unperturbed.

6.5 Spindle shortening is specific to AurKA degradation
To test if the observed spindle shortening was due to AurKA degradation, I modified the
thymidine synchronisation prior to IF fixation so that I could compare the effects of kinase
inhibition and target degradation in mitotic cells independent of their effects on AurKAdependent centrosome maturation. Since in the previous set up where cells were released
from thymidine arrest and then treated with AurKA inhibitors, cells could be entering mitosis
under those treatments which may affect the maturation and thus microtubule nucleating
ability of the centrosomes. Under the new synchronisation setup, the thymidine arrested cells
would be released into the APC/C inhibitors, APCin and proTAME first for 6 hours prior to
addition of the AurKA inhibitors for 3 hours before fixation. This meant that most cells should
already be arrested at metaphase, with matured centrosomes, prior to AurKA inhibition or
degradation. Additionally, I used PROTAC-D, MLN8237, and Cpd A to treat the metaphasearrested cells. This would help distinguish the phenotypes arising from AurKA degradation
from those of kinase inhibition as degradation-dependent effects would be more sensitive to
PROTAC-D than to either Cpd A or MLN8237, whilst kinase sensitive effects would be most
sensitive to MLN8237 and least sensitive to Cpd A.
U2OS cells were synchronised with Thymidine and then released into APCin and proTAME,
and then treated with 250 nM of PROTAC-D, Cpd A, MLN8237, and 25 nM MLN8237, prior to
being processed for IF [Fig 6-7]. Cells were stained for either AurKA, CEP192, and Hoechst [Fig
6-7A], or AurKA, TPX2, and Hoechst [Fig 6-7B]. The CEP192 staining revealed that maturation
of centrosomes had occurred in all treatments in a large fraction of the pool of metaphase
cells [Fig 6-7A].
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Figure 6-7 Spindle pole shortening is degradation specific
IF analysis of metaphase U2OS cells synchronised with thymidine release into APCin (40 µM) and proTAME (20
µM) prior to treatment for 3 hours with either DMSO, 250 nM PROTAC-D, 250 nM Cpd A, or 25 nM and 250 nM
MLN8237 before fixation. A) Examples of cells stained for AurKA (green), CEP192 (purple), and Hoechst. B)
Examples of cells stained for AurKA (green), TPX2 (purple), and Hoechst. Insets show zoomed in cytoplasmic
staining of AurKA. C) Measurement of total cellular AurKA levels after background subtraction in the CEP192
stained cells. Mean and SD are shown, Kruskal-Wallis one-way ANOVA on ranks for statistics, n ≥ 41. D)
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Measurement of spindle pole distance as measured from CEP192 staining at one pole to the other in stained
cells. Mean and SD are shown, Kruskal-Wallis one-way ANOVA on ranks for statistics, n ≥ 41. IF montage made
with the assistance of Dr Catherine Lindon.

I first looked at the whole-cell degradation of AurKA by measuring the total cellular pool of
AurKA after the treatments in the AurKA, CEP192, and Hoechst-stained cells [Fig 6-7C]. The
results show that there is a significant loss of total cellular AurKA after PROTAC-D treatment
as expected of PROTAC-mediated degradation. There also appears to be a loss of total cellular
AurKA after Cpd A and MLN8237 treatment at both concentrations. I believe this loss of AurKA
is an artefact of the fixation step since it has been shown that MLN8237 and Cpd A do not
affect endogenous AurKA or AurKA-Venus levels in experiments performed in live cells [Fig 53, Fig 5-4].
The pole-to-pole distance as determined by CEP192 staining was then measured for the
different treatments [Fig 6-7D]. As previously shown, PROTAC-D treatment gave rise to
significantly shorter spindles in metaphase arrested cells. Importantly, this experiment
showed that Cpd A treatment does not cause spindle shortening. MLN8237 treatment at both
concentrations also caused shorter spindles in metaphase arrested cells suggesting that
AurKA activity is required to maintain spindle length even after centrosome maturation and
spindle formation. Therefore, it seems that PROTAC-D and Cpd A both bind too weakly to
AurKA, at least to the centrosomal pool to significantly affect its activity. Since the short
spindle phenotype is seen after PROTAC-D treatment but not after Cpd A treatment, I
concluded that short spindles are due to AurKA degradation. Analysis of the TPX2 stained cells
showed similar results [Supplementary figure 2].
I further tested the hypothesis that the shorter spindles were due to AurKA degradation by
using MG132 to inhibit the proteasome and prevent PROTAC-D-mediated AurKA degradation
in an attempt to rescue the short spindle phenotype. U2OS cells were synchronised after
thymidine release into APCin and proTAME and MG132 was added at the same time as
PROTAC-D. Cells were fixed after 3 hours of treatment and stained for AurKA, CEP192, and
TPX2. The IF images were first analysed to measure total AurKA levels in the cell after
normalisation to DMSO [Fig 6-8A].
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Figure 6-8 MG132 treatment partially rescues the short spindles
IF analysis of metaphase U2OS cells synchronised with thymidine release into APCin (40 µM) and proTAME (20
µM) prior to treatment for 3 hours with DMSO, 250 nM PROTAC-D, 250 nM Cpd A or 25 nM and 250 nM
MLN8237 in the presence or absence of MG132 (4.2 µM) before fixation. A) Measurement of total cellular AurKA
levels after background subtraction and normalisation to DMSO. Mean and SD are shown, Mann-Whitney test
for significance, n =16. B) Measurement of spindle pole distance normalised to DMSO. Mean and SD are shown,
unpaired t-test for statistics, n ≥ 44.

The results show that in the presence of MG132, there was a significant decrease in the
amount of AurKA degraded in the presence of PROTAC-D, showing that MG132 has inhibited
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some of the PROTAC-D-mediated degradation of AurKA. When I measured the spindle pole
distance by CEP192 staining in the case of the decreased AurKA degradation after MG132
treatment, I found a partial rescue of the spindle shortening phenotype after PROTAC-D
treatment [Fig 6-8B]. Although there was still significant spindle shortening in the presence
of MG132, the partial rescue that I quantified supports the hypothesis that it is AurKA
degradation which causes the shortened spindle phenotype.
Interestingly, it was observed that after MLN8237 or Cpd A treatment, the cytoplasmic levels
of AurKA seem to have increased [Fig 6-7B]. I confirmed this finding by measuring the amount
of AurKA staining on the spindle or in the cytoplasm of the AurKA, CEP192 and Hoechst
stained cells in Fig 6-7. Spindle and cytoplasmic AurKA were measured as fixed sized circular
ROIs over the spindles and adjacent cytoplasm respectively, after background subtraction [Fig
6-9].
The results show that as observed, PROTAC-D treatment results in the loss of AurKA from the
spindles and cytoplasm. MLN8237 and Cpd A treatment caused a decrease in AurKA on the
spindles but an increase in the neighbouring cytoplasmic area. An interpretation of this is that
MLN8237 and its derived PROTACs may compete against TPX2 on the spindle for binding
which results in delocalisation into the cytoplasm. This is consistent with the finding that TPX2
bound AurKA results in a conformational shift of its activation loop to a DFG-in state (Bayliss
et al., 2003; Cyphers et al., 2017) whilst active AurKA on the centrosome that is
phosphorylated on T288 in the activation loop is in a DFG-out state (Ruff et al., 2018). Since
MLN8237 is a type I inhibitor which prefers to bind and drives the DFG-out conformation of
AurKA, there is negative binding co-operativity with TPX2 bound AurKA, resulting in a shift in
IC50 values for AurKA inhibition (Anderson et al., 2007; Lake et al., 2018). Therefore, we expect
that MLN8237 and its derivatives would displace AurKA from the spindle but not from the
centrosomes.
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Figure 6-9 MLN8237 and Cpd A treatment delocalised AurKA levels on the spindle
AurKA intensities on the spindle and the cytoplasm after 250 nM PROTAC-D, 250 nM Cpd A, or 25 nM MLN8237
3 hour treatment in U2OS cells synchronised into mitosis from thymidine release into APCin (40 µM) and
proTAME (20 µM). A) Example of the ROIs selected for spindle (35-pixel diameter) or cytoplasmic (15-pixel
diameter) measurements of AurKA levels. B) AurKA intensity measured on the spindle after treatment. Mean
and SD are plotted, ordinary one-way ANOVA used for significance, n ≥ 36. C) AurKA intensity measured in the
cytoplasm after treatment. Mean and SD are plotted, Kruskal-Wallis test used for significance, n ≥ 37.
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6.6 AurKA S155R mutant is more susceptible to PROTAC-D degradation
Considering that TPX2 and MLN8237 may compete for AurKA binding, I hypothesised that an
AurKA mutant incapable of binding to TPX2 might be more susceptible to AurKA degradation.
Therefore, I utilised the AurKA S155R mutant which has been shown to be unable to interact
with TPX2 or localise to the mitotic spindle (Bibby et al., 2009). I transfected U2OS cells with
either WT-AurKA-Venus or S155R-AurKA-Venus. Cells were allowed to recover for a day prior
to synchronisation using STLC or RO-3306, a CDK1 inhibitor (Vassilev et al., 2006), to arrest
cells in mitosis or in interphase at G2-phase respectively. The arrested cells were then treated
with PROTAC-D and whole-cell AurKA-Venus levels were measured with single time-lapse cell
imaging [Fig 6-10].
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Figure 6-10 S155R-AurKA is degraded more by PROTAC-D
U2OS cells were transfected with S155R-AurKA-Venus and were synchronised with 10 mM STLC or 1 µM RO3306 to arrest in mitosis or G2-phase respectively. Cells were treated with 250 nM PROTAC-D and degradation
was measured from live cell time-lapse imaging. Data points are combined from two separate experiments,
Means and SD are plotted, unpaired t-test was used for significance, n ≥ 13.

The results showed that in the STLC arrested mitotic cells, S155R-AurKA was degraded to a
greater extent than WT-AurKA in the presence of PROTAC-D. This suggests that the inability
of the S155R mutant to bind to TPX2 makes it more susceptible to PROTAC-D binding and
degradation. In RO-3306-arrested cells, degradation between S155R-AurKA and WT-AurKA is
similar. This result is consistent with a lesser degree of interaction between TPX2 and AurKA
in G2-phase compared to that of in mitosis (Giubettini et al., 2011).
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6.7 CEP192 knockdown results in enhanced PROTAC-mediated AurKA
degradation
In section 6.6, I have shown that PROTAC-D-mediated degradation of AurKA can be influenced
by its interaction with TPX2 and that perturbation of the interaction can lead to altered
degradation. Additionally, in section 6.2 I had observed that centrosomal AurKA appears to
be more resistant to PROTAC-D-mediated degradation. I next sought to see if I could further
perturb AurKA degradation by the PROTAC if I altered its localisation to the centrosome. I
hypothesised that delocalising AurKA from the centrosome would result in greater
degradation by the PROTAC. As it has been reported that CEP192 localises AurKA to the
centrosome (Joukov et al., 2010), I decided to perturb AurKA localisation by knocking down
CEP192. I transfected hTERT-RPE1 AurKA-VenusKI cells with CEP192 siRNA, cells were given
two days to recover prior to synchronisation in mitosis with STLC. Cell extracts were then
made from the STLC arrested cells and CEP192 knockdown was confirmed by immunoblot [Fig
6-11A]. CEP192 siRNA treatment successfully knocked down CEP192 whilst AurKA levels
remain unperturbed, in agreement with the literature (Joukov et al., 2010). I then investigated
how PROTAC-mediated degradation of AurKA was affected by CEP192 knockdown. hTERTRPE1 AurKA-VenusKI cells were transfected with CEP192 siRNA and synchronised with STLC.
STLC-arrested cells were then treated with 250 nM PROTAC-D or PROTAC-DX for 3 hours prior
to lysate extraction for immunoblot [Fig 6-11B, C].
The results showed that after CEP192 knockdown, there was slightly increased degradation
of endogenous AurKA and AurKA-Venus after PROTAC-D and PROTAC-DX treatment. As
observed in previous experiments, PROTAC-DX caused greater degradation than PROTAC-D
and MLN8237 had a minimal effect on AurKA levels.
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I decided to check if AurKA sensitivity to PROTAC-D was also altered after CEP192 knockdown
in live cell imaging, where I could also observe the localisation of AurKA. hTERT-RPE1 AurKAVenusKI cells were transfected with CEP192 siRNA and synchronised in late G2-phase using
RO-3306. RO-3306-arrested hTERT-RPE1 AurKA-VenusKI cells that were transfected with
CEP192 siRNA were treated with PROTAC-DX and imaged using live cell imaging [Fig 6-12].
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Figure 6-12 CEP192 knockdown increases AurKA degradation by PROTAC-DX in interphase cells in live single
cell time-lapse imaging
CEP192 was knocked down in hTERT-RPE1 AurKA-VenusKI cells and synchronised in G2-phase with 1 µM RO-3306
treatment and treated for with 250 nM PROTAC-DX for 3 hours. A) Example field of hTERT-RPE1 AurKA-VenusKI
cells either transfected with GL2 siRNA or CEP192 siRNA. Two time-points are shown at 0 hours and 3 hours
after treatment with PROTAC-DX. B) Measurement of the relative amount of AurKA on the centrosome after
adjacent cytoplasm subtraction using a fixed size ROI, with the position of the centrosome estimated as the
brightest spot of AurKA-Venus. Mean and SD are shown. Unpaired t-test for significance, n ≥22. C) Measure of
whole-cell AurKA degradation after 3 hours of treatment with 250 nM PROTAC-DX. Mean and SD are shown,
unpaired t-test for significance, n ≥ 26.

The results showed that CEP192 siRNA treatment caused the loss of AurKA from the
centrosomes in G2-phase arrested cells [Fig 6-12A, B]. Whole-cell AurKA degradation was then
measured in the CEP192 knockdown RO-3306 arrested cells after 3 hours of treatment with
PROTAC-DX [Fig 6-12C]. The images showed that after PROTAC-DX treatment, centrosomal
AurKA still persists [Fig 6-12A] and the quantification of whole-cell AurKA degradation showed
that in interphase, de-localising AurKA from the centrosome results in greater total cellular
degradation.
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I next investigated this effect of CEP192 knockdown on AurKA degradation by the PROTAC in
STLC-arrested cells where I hypothesised that the effect of enhanced degradation would be
greater since a larger fraction of the cellular pool of AurKA should be interacting with CEP192.
hTERT-RPE1 AurKA-VenusKI cells were transfected with CEP192 or GL2 siRNA and
synchronised with STLC to induce a mitotic arrest and then imaged [Fig 6-13A].
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Figure 6-13 CEP192 knockdown increases AurKA degradation by PROTAC-DX in mitotic cells in live single cell
imaging
CEP192 was knocked down in hTERT-RPE1 AurKA-VenusKI cells and synchronised in mitosis with 10mM STLC
treatment and treated for with 250 nM PROTAC-DX for 3 hours. A) Example field of hTERT-RPE1 AurKA-VenusKI
cells either transfected with GL2 siRNA or CEP192 siRNA showing the reduced localisation of AurKA to the spindle
pole after CEP192 knockdown. B) Measurement of the relative amount of AurKA on the spindle pole to the
adjacent cytoplasm using a fixed size ROI. The ratio was then normalised to the mean of GL2i treatment and
plotted. Data is pooled from 3 separate experiments, mean and SD are shown. Mann-Whitney test for
significance, n ≥ 96. C) Measure of whole-cell AurKA degradation after 3 hours of treatment with 250 nM
PROTAC-DX. Data is pooled from 3 separate experiments, mean and SD are shown. Unpaired t-test for
significance, n ≥ 124. Spindle/Cytoplasmic AurKA intensity ratio was measured with assistance from Dr Catherine
Lindon.
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Measurement of the amount of AurKA on the spindle pole using a fixed diameter ROI relative
to the cytoplasm indicates that AurKA localisation to the centrosome was decreased after
CEP192 knockdown [Fig 6-13B]. These cells were then treated with PROTAC-DX and the
whole-cell degradation of AurKA-Venus was measured after 3 hours of treatment [Fig 6-13C].
The results showed that de-localising AurKA from the centrosome after CEP192 knockdown
made AurKA more readily degradable by PROTAC-DX and that this effect is greater in mitotic
cells. In conclusion, these results are consistent with the hypothesis that centrosomal AurKA
is more resistant to degradation by the PROTAC.

6.8 PROTAC-mediated AurKA degradation is most efficient in the nucleus,
where CRB is localized
The results so far seem to suggest that the sensitivity of substrates to PROTAC degradation
might be different at different locations in the cell. This could arise from a number of
parameters such as accessibility of the substrate or compartment to the PROTAC itself or the
ubiquitination machinery. One parameter that could be easily examined is the localisation of
CRB, the E3 ligase that PROTAC-D and PROTAC-DC recruits. I hypothesised that the
localisation of or lack thereof CRB on the centrosome might contribute to the observation
that AurKA is more resistant to degradation at the centrosome. First, I looked at the
localisation of CRB in hTERT-RPE1 AurKA-VenusKI cells synchronised into mitosis after a
thymidine release and arrested at metaphase with APCin and PROTAME. Metaphase cells
were fixed with methanol or PFA and stained for CRB to look at mitotic and interphase
localisation [Fig 6-14A]. The results show in both fixations that in metaphase cells, CRB’s
localisation is diffuse throughout the cell (although excluded from the chromosomes). In
interphase cells, CRB appeared to have a predominantly nuclear localisation.
Next, I asked whether CRB localisation was affected by the addition of PROTAC-D since CRB
should be recruited to where PROTAC is acting within the cell. Therefore, co-localisation of
AurKA and CRB could potentially reveal where the PROTAC was acting. To test this idea, U2OS
cells were synchronised into mitosis from a thymidine release and into APCin and proTAME,
along with MG132 to prevent AurKA degradation. PROTAC-D was then added for 3 hours prior
to cell fixation and IF [Fig 6-14B].
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were fixed with methanol or PFA and stained for IF with Hoechst (blue), CRB (red), and tubulin (magenta). Images
show example interphase and metaphase cells. B) U2OS cells were synchronised with thymidine and released
into 40 µM APCin and 20 µM proTAME. After 6 hours release, cells were treated with 1 µM PROTAC-D or DMSO,
and 4.2 µM MG132 for 3 hours prior to methanol fixation and staining for IF. Cells were stained for AurKA
(green), CRB (red), and Hoechst (blue). Methanol fixation was assisted by Camilla Ascanelli.

The images from this experiment did not reveal any localisation of CRB to the spindle or the
centrosome, even in the presence of PROTAC-D. This result was not unexpected, since the
interaction between PROTAC-D, AurKA, and CRB likely occurs at a very low frequency because
of the catalytic nature of PROTAC-mediated degradation. An alternative interpretation is that
AurKA degradation occurs in the cytoplasm and the difference in the degradation of the
spindle and centrosomal pools of AurKA arises because these are exchanging with the
cytoplasmic pool of AurKA at different rates (Bertolin et al., 2016)
The localization pattern of CRB did not offer up any clues as to why AurKA at the centrosomes
is less sensitive to PROTAC-D than the spindle pool. However, after observing in interphase
cells that CRB is more localised in the nucleus than the cytoplasm, I wondered if there was
greater degradation of AurKA by the PROTAC in the nucleus than in the cytoplasm. It is a
possibility that the increased localisation of CRB there might bring about greater PROTAC
efficacy. To test this hypothesis, I transfected U2OS cells with AurKA-Venus and arrested the
cells in G2-phase with RO-3306 in order to remove any cell cycle-dependent effects and have
distinct nuclear and cytoplasmic compartments that would otherwise be lost during mitotic
entry and nuclear envelope breakdown. Single cells were then imaged by fluorescence timelapse microscopy, and the degradation of AurKA-Venus was measured over 3 hours treatment
of PROTAC-D. In this experiment, I measured the percentage degradation in the nucleus and
the percentage degradation over the whole cell [Fig 6-15A]. The percentage degradation in
the whole cell was subtracted from the percentage degradation in the nucleus and plotted to
show the difference in AurKA degradation in the nucleus [Fig 6-15B].
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Figure 6-15 AurKA is degraded more by PROTAC-D in the nucleus
AurKA-Venus degradation in the nucleus or whole-cell, in AurKA-Venus transfected U2OS cells arrested with 1
µM RO-3306 after 3 hours of 250 nM PROTAC-D treatment. A) Example of U2OS AurKA-Venus cells at 0 hours
or 3 hours of PROTAC-D treatment. Example regions of interest selected for whole-cell or nuclear degradation
of AurKA. B) Measured increased AurKA-Venus degradation in the nucleus. The percentage degradation in the
nucleus was subtracted from the percentage degradation in the whole cell and plotted. Data points from two
separate experiments were pooled. Mean and SD are plotted, unpaired t-test for significance, n ≥ 16.

I found that the relative degradation of AurKA-Venus in the nucleus by PROTAC-D is greater
than that in the whole cell. With my calculation method, when I compare nuclear degradation
to whole-cell degradation, the whole-cell degradation includes that of the enhanced nuclear
degradation and is therefore probably an underestimate of the enhanced degradation in the
nucleus. Therefore, I concluded that nuclear degradation is greater than cytoplasmic
degradation in presence of PROTAC-D.
To further test this finding, I utilised an AurKA mutant lacking its first 67 amino acids (Δ67
AurKA) which more strongly localises to the nucleus. I transfected U2OS cells with Δ67-AurKAVenus or WT-AurKA-Venus and arrested the cells in G2-phase with RO-3306. PROTAC-D was
added to the cells and whole-cell AurKA-Venus degradation after 3 hours was measured [Fig
6-16].
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Figure 6-16 Δ67 AurKA-Venus is degraded more than WT-AurKA-Venus
WT- and Δ67-AurKA-Venus degradation in transfected U2OS cells arrested with 1 µM RO-3306 after 3 hours of
250 nM PROTAC-D treatment. A) Top: Localisation of WT-, Δ67-AurKA-Venus. Bottom: Nuclear to cytoplasmic
ratio of WT-, Δ67-AurKA-Venus localisation as measured using a fixed diameter ROI (30-pixel diameter) within
the nucleus and the adjacent cytoplasm respectively. Data is pooled from two separate experiments. Mean and
SD are shown, unpaired t-test for significance, n ≥ 17. B) Measured whole-cell degradation of WT- and Δ67AurKA-Venus after 3 hours of 250 nM PROTAC-D treatment. Data is pooled from two independent experiments,
mean and SD are shown, Mann-Whitney test for significance, n ≥ 23.

Measuring the nuclear to cytoplasmic localisation ratio of the WT- and Δ67-AurKA-Venus,
revealed that the Δ67 mutant is more strongly localised to the nucleus [Fig 6-16A]. When I
quantified the PROTAC-mediated degradation of the Δ67-AurKA-Venus compared to the WT,
I found that the more nuclear localised mutant is more degraded [Fig 6-16B]. In conclusion, I
have observed that there is a correlation between CRB localisation and the efficacy of
PROTAC-mediated degradation of AurKA.

6.9 Conclusion
In this chapter, I examined the effects of AurKA degradation more closely at a cell biology
level. The main question I wanted to ask was what the phenotypic difference is between
AurKA inhibition by that of MLN8237 and Cpd A compared to AurKA degradation by PROTAC-
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D. For these phenotypic studies, I began by using IF to study mitotic cells since AurKA is known
to function at that stage of the cell cycle.
I began my investigation by studying IF images of cells in mitosis after treatment with the
PROTAC because of AurKA’s well known roles in mitosis (Barr & Gergely, 2007). I observed
initially that PROTAC-D appeared to preferentially degrade spindle localised AurKA, leaving
behind more active AurKA on the centrosome as measured by AurKA T288 phosphorylation
and downstream LATS2 phosphorylation. Conversely, treatment with MLN8237 inhibited
AurKA function on the centrosomes and resulted in abnormal spindles. When scoring mitotic
phenotypes comparing AurKA degradation with PROTAC-D and AurKA inhibition with
MLN8237, there were not any noticeable mitotic defects associated with PROTAC-D
treatment whilst MLN8237 inhibition gave phenotypes ranging from spindle orientation
defects to complete lack of microtubule nucleation. This difference in phenotype may arise
from the fact that MLN8237 is much more capable of inhibiting AurKA activity on the
centrosome than compared to PROTAC-D given AurKA’s role on the centrosome in
microtubule nucleation. Therefore, after PROTAC-D treatment, there is still sufficient active
AurKA on the centrosome to ensure microtubule nucleation and bipolar spindle formation. I
did however, notice that spindles were of a shorter length after PROTAC-D treatment, and
that this difference is potentially to be caused by the degradation of the spindle and TPX2
associated AurKA which plays a role in regulating spindle length (Bird & Hyman, 2008). This
phenotype was unique to AurKA degradation mediated by the PROTAC since the nondegrading PROTAC, Cpd A which has similar inhibitor function to PROTAC-D, did not cause the
shortened spindles. Additionally, the spindle shortening was able to be partially rescued after
MG132 treatment which attenuated PROTAC-D-mediated AurKA degradation.
Another observation was that MLN8237 and PROTAC treatment decreased AurKA localisation
from the spindle and increased its localisation in the adjacent cytoplasm. This led us to believe
that MLN8237 could compete with TPX2 binding to AurKA and thus affect its spindle
localisation. This observation is supported by the fact that MLN8237 is a Type-1 inhibitor that
promotes the inactive DFG-out state of AurKA, whilst TPX2 binding results in conformational
shift to a DFG-in state, thus exhibiting negative cooperativity on binding with MLN8237
(Bayliss et al., 2003; Cyphers et al., 2017; Lake et al., 2018). Therefore, in the DFG-out state
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of non-TPX2 bound AurKA, the active site is more accessible to MLN8237 and its derived
PROTACs. I tested this hypothesis by showing that the S155R mutant of AurKA which is unable
to interact with TPX2 is degraded more by the PROTAC compared to WT-AurKA during mitosis.
S155R-AurKA however, is not more susceptible to degradation in interphase, likely because
endogenous TPX2 levels peak at mitosis (Giubettini et al., 2011).
An important question to consider is why AurKA is more active on the centrosome after
PROTAC treatment when compared to MLN8237 treatment, and also why there is less
degradation of AurKA on the centrosome. The difference in AurKA activity observed after the
two treatments could be because of the difference in IC50 for AurKA between the two
compounds, in agreement with the earlier in vitro binding assays showing MLN8237 having
an IC50 around 5-fold lower than that of PROTAC-D. There is also the additional possibility that
there is lesser accessibility of the bulkier PROTAC-D compared to MLN8237 for AurKA
engagement on the centrosome. Given that the centrosome and the pericentriolar matrix
(PCM) can be described as a dense array of proteins that contains hundreds of proteins, the
structure of the PCM can be viewed as an almost gel-like condensate, a membrane-less
organelle that can form a distinct liquid-liquid phase separation from the cytoplasm (Fry et
al., 2017; Raff, 2019; Woodruff et al., 2017). This dense environment of PCM proteins and
phase separation may therefore impede the ability of the larger PROTAC-D in reaching AurKA
at the centrosome whilst the smaller MLN8237 is still capable of doing so. This lack of
accessibility could also potentially explain the reduced degradation of AurKA on the
centrosome if the centrosome is inaccessible to the PROTAC. However, given the small
molecular nature of the PROTACs, the more likely limiting factor for AurKA degradation at the
centrosome is the recruitment of the ubiquitin machinery and the CRB E3 ligase given the
selective protein accessibility of the centrosome (Woodruff et al., 2017).
When I investigated CRB localisation, I found that it was not localised to the centrosome or
the spindles after PROTAC-D treatment. This suggests that such small amounts of CRB were
engaged at any one moment in time to the AurKA at the centrosome, (low stoichiometric
engagement) because of the catalytic nature of the PROTAC, that its levels could not be
observed. Therefore, I can’t rule out that CRB is not recruited to the centrosome or the
spindle. In order to understand why there are localisation-dependent sensitives to
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degradation, it is necessary to consider the intracellular dynamics of AurKA. It has been
reported using fluorescence recovery after photobleaching experiments (FRAP) that the
centrosomal and spindle localisation of AurKA is dynamic (Stenoien et al., 2003; P. Zhao et al.,
2019). It has a reported half-life of recovery of 3s on the spindle and centrosome (Stenoien
et al., 2003). Therefore, when considering the shuttling of AurKA on the centrosome and
spindle, AurKA could be degraded in the cytoplasm by PROTAC-D and it is the exchange of
AurKA from the centrosome to the cytosol that facilitates the observed degradation of AurKA
on the centrosome. The difference in the amount of degradation seen between the
centrosome and spindle and the PROTAC resistant AurKA on the centrosome can be explained
by differences in the lability of AurKA at those locations. In FRAP experiments, after
photobleaching of AurKA on the centrosome, there is incomplete recovery of fluorescence
suggesting the existence of a subpopulation of AurKA on the centrosome that does not
exchange with the cytoplasm. Complete FRAP recovery only occurred after TPX2 or CEP192
knock down, implying that those proteins have a role in anchoring AurKA to the centrosome
(Bertolin et al., 2016). To test the existence of this non-exchanging and non-targetable pool
of AurKA, I see enhanced degradation of AurKA after perturbing its localisation to the
centrosome after knocking down CEP192, thereby removing the inaccessible sub-population
of AurKA.
While I did not observe spindle or centrosomal localisation of CRB, I did notice that CRB is
localised more to the nucleus than the cytoplasm. I further investigated this observation by
seeing if there could be increased degradation of AurKA in the nucleus. It was found that the
nuclear localisation of CRB correlated with increased degradation of AurKA. This was
confirmed after seeing enhanced degradation of the more nuclear localised Δ67-AurKA
mutant compared to WT-AurKA. The fact that there is greater degradation in the nucleus
suggests that there is also a cytoplasmic pool of AurKA that does not readily exchange with
the nuclear pool of AurKA which is in agreement with previous work (Rannou et al., 2008).
In conclusion, I find that the efficacy of the PROTAC or AurKA can depend on many things,
including its interacting partner and localisation. These findings seem to suggest that the free
pool of AurKA is the best substrate for PROTAC-mediated degradation. However, these
specific nuances of AurKA targeting by the PROTAC may provide greater specificity of action.
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Chapter 7 Discussion and future perspectives
7.1 The tFTs as tools for measuring AurKA stability
My work on utilising a tFT to measure AurKA stability began with building a model in MATLAB
based on the description of tFT behaviour as set out in the original work from the Knop Lab
(Khmelinskii et al., 2012) in order to help understand how to interpret changes in the tFT ratio.
The simple model described how many fast green and slow red FPs were matured and present
in the population pool, and thus the tFT ratio, in response to changes to different parameters.
Parameters that could be changed include the production rate of the protein of interest, the
degradation rate of the protein, and the maturation times of the FPs in the tFT. I did not
consider FRET in the modelling as although FRET can influence tFT behaviour by increasing
the tFT ratios observed (Barry et al., 2016), I wanted to use tFTs to look at relative stability so
the tFT ratio would be internally controlled. The modelling showed that the tFT ratio at steady
state is only affected by changes in the degradation rate of the tFT tagged protein but changes
in production rate can temporarily disrupt the tFT ratio before returning to a steady state
when protein degradation matches the increased production. Therefore, the tFT can also be
used to provide information on changes in production rate if tFT ratios are tracked over time
(Alber et al., 2018). However, one potentially complex situation is if there are simultaneous
changes in production and degradation at a non-steady state which can make the changes in
tFT ratios difficult to interpret. In such cases, waiting until a steady state has been achieved
or making use of looking at the behaviour of the fast green FP as a proxy for protein levels
could assist in such interpretations.
I next tested the different AurKA and AurKB tFT constructs that were already previously
created in the lab to identify which would be the best to measure protein stability. The
constructs consisted of 5 different slow red FPs with a range of maturation times, in tandem
with mNeonGreen as the fast green FP. mNeonGreen was chosen over sfGFP due to the
reported resistance of sfGFP to proteasomal degradation which can cause a misleading lower
tFT ratio (Khmelinskii et al., 2016). After testing the constructs in transfected U2OS-CDK2S
cells and measuring the change of AurKA tFT ratio through the cell cycle using the CDK2
sensor, the mRuby-mNeonGreen construct was chosen as the optimal tFT combination. This
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result is in agreement with the optimal slow red FP being the one that has a maturation time
most similar to the protein of interest. One thing to also consider when selecting the FPs used
in the tFT is their sensitivity to pH as their fluorescence and hence the tFT ratio can vary with
changes in pH that is independent of changes in protein stability (Mahon, 2011; Scharnagl et
al., 1999). I showed by using pH-clamping that my tFTs did respond to changes in pH, but that
the pH remained fairly constant throughout the cell cycle. Therefore, the observed changes
in the AurKA tFT ratio through the cell cycle should at least be independent of pH. However,
this does have implications in interpreting relative protein stability in cellular compartments
with differing pHs. Additionally, treatment with drugs or protein perturbations that can alter
the pH should be considered when using the tFT.

7.2 AurKA-mRuby-mNeonGreen can be validated by testing against known
perturbation of AurKA stability
To avoid the need of transfecting cells with the AurKA tFT, which can lead to cellular stress
and intercellular variability of protein expression due to transfection efficiency, I next created
stable cell lines expressing the AurKA- and AurKB-mRuby-mNeonGreen constructs. The cell
lines were created using the Flp-In™ system first in hTERT-RPE1 cells and then U2OS cells due
to their lesser mobility and therefore ease of time-lapse imaging. I first measured how the
AurKA and AurKB tFT ratios varied through the cell cycle and found that in both cell lines,
AurKA tFT ratio and thus stability peaked at mitosis, before decreasing again at mitotic exit.
This reflected the known changes in AurKA stability throughout the cell cycle, where its levels
and that of its interacting partners increases towards mitosis, before being degraded after
anaphase when the APC/CCdh1 is active and selectively targets AurKA for degradation. Showing
promise in measuring AurKA and AurKB stability through the cell cycle, I tested if changes to
AurKA and AurKB stability could be measured by the tFT after external perturbations.
Inhibition of the proteasome with MG132 resulted in an increase in the AurKA and AurKB tFT
ratio over time as expected with decreased degradation by the UPS. Arresting the cells at
prometaphase where the APC/C Cdh1 is inactive with STLC also resulted in an increased AurKA
and AurKB tFT ratio measured over time. Overexpression and knockdown of TPX2, a
stabilising interactor of AurKA (Giubettini et al., 2011) also resulted in increased and
decreased AurKA stability as measured by the tFT respectively. Likewise, knocking down of
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the APC/C co-activator Cdh1 (Taguchi et al., 2002), which is required for AurKA degradation
also resulted in an increase in measured AurKA stability by the tFT. For AurKB, overexpression
and knockdown of USP35, a deubiquitinating enzyme for AurKB (Park et al., 2018), lead to an
increase and decrease in AurKB tFT ratio respectively. However, I found that USP35
knockdown resulted in a G1-phase arrest of the cell cycle, so it is unclear if the decreased
measured stability of AurKB by the tFT is as a direct result of USP35, indirectly as a result of
the cell cycle stage, or a combination of both. A future experiment to test this could be to
knockdown Cdh1 in addition to USP35 to see if the stability of AurKB could be rescued and if
the cells still undergo an arrest. Although it has been shown that USP35 knockdown caused
severe nuclear abnormalities induced by cytokinesis failure and mitotic slippage attributed by
effects on AurKB levels (Park et al., 2018), I did not observe such severe phenotypes in the
cells analysed. However, it could still be a possibility that in my case after USP35 knockdown,
more subtle mitotic defects occurred due to changes in AurKB stability and activity at mitosis
which could cause a P53-mediated G1-phase arrest as observed (Andreassen et al., 2001).
Alternatively, this finding could highlight a new potential role for USP35 in cell cycle
progression, possible assisting in the fine tuning of levels of a cell cycle regulator such as a
cyclin.
As seen in the case of TPX2 overexpression, the tFT is capable of showing localised changes
in AurKA stability when WT-TPX2 or 1-43-TPX2 was overexpressed. While WT-TPX2 which is
itself more nuclear, greatly increased nuclear localisation of AurKA, 1-43-TPX2 which is
localised in both the nucleus and cytoplasm increased the cytoplasmic localisation of AurKA.
These different localisations of TPX2 and AurKA resulted in increased AurKA stability in their
respective localisations, that is the nucleus for WT-TPX2, and both nucleus and cytoplasm for
1-43-TPX2. Although 1-43-TPX2 can maintain binding to AurKA (Bayliss et al., 2003), it is
unable to localise to the microtubules (Giubettini et al., 2011). The observation here that 143-TPX2 seemingly localises AurKA into the cytoplasm and decreases its nuclear localisation
is unreported in the literature. One hypothesis to explain this result is that full length TPX2 is
required to bind AurKA and localise it to the nucleus with its atypical NLS (Giesecke & Stewart,
2010). Additionally, it has been reported that two molecules of AurKA and two molecules of
TPX2 can exist as a heterotetramer to induce autophosphorylation (Zorba et al., 2014).
Therefore, it could be possible, that this heterotetrametric complex is required for nuclear
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localisation of AurKA and that the 1-43-TPX2 mutant which lacks the atypical NLS has a
dominant negative effect on the heterotetramer.
Overall, it seems that in our testing of the tFTs in reporting stability changes after known
perturbations, the tFTs have been quite capable. Importantly, it was shown that both single
cell time-lapse imaging and single cell single timepoint snapshot imaging was capable of
measuring significant changes in the tFT ratios after perturbations. This result demonstrates
that it is not necessary to measure protein levels over time in order to infer stability and would
thus allow faster throughput in the analysis of protein stability.

7.3 Further considerations when using tFTs to assess stability
The tFTs are best utilised if the protein of interest is at a steady state as we know then that
the production rate and degradation rate are not changing, thus making interpretations of
differences in measured tFT stability easier. Therefore, I also attempted to find a steady state
of AurKA protein levels where the tFT ratio was steady and not changing.
The requirement for a steady state is that the amount of protein produced per unit time is
equal to the amount of protein degraded per unit time and that both quantities are not
changing. In my tFT experiments, the amount of production was kept constant by expression
of the AurKA-mRuby-mNeonGreen from a CMV promoter. I found that by arresting the cells
in S-phase with a double-thymidine block, there was a steady state of AurKA levels and
stability, as by preventing progression in the cell cycle, the degradation rate and thus stability
of AurKA-tFT should remain unchanged. This steady state was not perfect as thymidine arrest
can be leaky and cells will still persist through the cell cycle and the stability of AurKA would
increase, so perhaps a tighter cell cycle block could be used in future. However, caution must
be taken as there have been reports that the CMV promoter may be cell cycle- and serumdependent (Brightwell et al., 1997). It was demonstrated that CMV expression is highest at Sphase and lowest at G1-phase, whilst also being induced after serum addition. Although
problematic, since increased expression of the tFT construct through the cell cycle results in
a decrease in tFT ratio as predicted by the models, as long as we are looking at the tFT ratio
between two treatments at the same cell cycle stage, relative changes in stability can still be
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inferred. Therefore, from these experiments, it would seem that it is likely to be able to
quickly screen for novel regulators of AurKA stability using the tFT ratios if cells were
compared at similar stages of the cell cycle.
One issue is that the intercell variability of the tFT ratios are quite high, and this variability
was not reduced when cells were synchronised to the same cell cycle stage. This variability
could be problematic when screening for regulators that may have smaller subtle changes on
AurKA stability, but this could be overcome by increasing the sample size. There are
potentially many reasons why this intercell variability arises and future work should
investigate this phenomenon more. One such possibility is that different cells have differing
activities of the UPS. It has been shown that there is cell-to-cell variability in protein half-lives
caused by heterogeneity in global protein degradation rates within the cells, that can arise
from differing expressions of subunits of the proteasome such as ADRM1 (Alber et al., 2018).
Another possibility is that besides the cell cycle, the circadian cycle could have an involvement
in the stability of AurKA. In fact, it is also documented that the circadian cycle could regulate
the cell cycle by gating the cell cycle checkpoints (Farshadi et al., 2020). The circadian cycle
consists of autoregulatory transcriptional/translational feedback processes entrained by
external factors such as light which can periodically regulate a variety of cellular processes
(Lowrey & Takahashi, 2000). Although there have been no reports of the circadian cycle
regulating AurKA stability, there has been a report that the circadian cycle can regulate
proteasome activity (Desvergne et al., 2016). Therefore, the intercell tFT variability may arise
from cells that are in different phases of the circadian cycle with different proteasome
activities since our cells were not entrained to have their circadian cycles in sync. Future work
may seek to investigate this further. A starting experiment might include using
dexamethasone to synchronise the cells’ circadian cycle and then to measure how the tFT
ratios may change if the cell cycle is stopped. Therefore, when comparing tFT ratios measuring
relative stabilities, synchronising the cells to the cell and circadian cycle may be required to
reduce variability.
Finally, although the aforementioned method of expressing the tFT construct from an
exogenous promoter can potentially keep protein production constant and make ease of
analysis easier, there can be problems associated with protein stability in systems where the
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construct is expressed at exogenous levels. One such consideration is that overexpressed
exogenous proteins may have altered turnover due to a stoichiometric imbalance of
interactors (Boisvert et al., 2012). In fact, it has been reported that many proteins are subject
to non-exponential degradation and are turned over in an age-dependent manner, where
older proteins become more stable. It was shown that many non-exponentially degraded
proteins belong to members of multiprotein complexes that acted in a way to control the
abundance of over-synthesised proteins belonging in the complex (Mcshane et al., 2016). A
possible example for AurKA is its complex with TPX2, where I have already demonstrated that
TPX2 stabilises AurKA. Thus, it could be imagined that the tFT ratios might report on a
population of more stable AurKA-tFT that is in complex with a limiting amount of TPX2, whilst
there is a greater turnover of the excess unbound AurKA-tFT. A potential mechanism for this
turnover of unbound complex proteins could be the E2/E3 ligase hybrid, UBE2O, which has
been shown to regulate and ubiquitinate such orphan proteins (Ullah et al., 2019; Yanagitani
et al., 2017). Therefore, it might be beneficial to use endogenously tagged tFT proteins and
then study protein stability at a steady state phase of the cell cycle, or to externally induce
one. However, the work so far demonstrates the potential of tFTs in quickly assessing relative
differences in protein stability.

7.4 A novel AurKA PROTAC recruiting CRB can specifically degrade AurKA
There is a strong desire to be able to target proteins for degradation instead of just inhibiting
them, both from a therapeutic and research standpoint. By degrading proteins instead of
inhibiting them, compensatory overexpression of the protein can be avoided (J. Lu et al.,
2015) which can diminish the effects of inhibitory drugs. Furthermore, proteins can have nonfunctional roles which are unaffected by inhibition of the protein. Being able to quickly and
selectively target a protein for degradation would allow functional studies of such protein
with the potential to discover new non-kinase roles. Therefore, in the latter half of this thesis,
I investigated a novel PROTAC based on MLN8237 and pomalidomide that targeted AurKA for
ubiquitination by the CRB E3 ligase and subsequent degradation. I sought to first characterise
the PROTAC in terms of its specificity and activity before studying the phenotypic effects of
AurKA degradation compared to kinase inhibition.
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My work began with testing the 8 PROTACs utilising MLN8237 as the small molecule ligand
binder for AurKA, synthesized for me by AstraZeneca. The 8 PROTACs consisted of 4 that
recruited CRB as the E3 ligase using pomalidomide as the binder (Lopez-Girona et al., 2012),
and 4 that recruited VHL as the E3 ligase using a hydroxyproline-based motif (Buckley et al.,
2012), and each PROTAC differed based on the length of the PEG linker. Using single cell timelapse imaging of hTERT-RPE1 AurKA-VenusKI cells and immunoblot assays in various cell lines,
I found that only the CRB recruiting PROTACs were capable of degrading AurKA-Venus and
endogenous AurKA. This lack of degradation cannot be attributed to the lack of VHL in the
cell lines which I used as it has been reported in hTERT-RPE1 (Dere et al., 2015), U2OS, and
HeLa cells that VHL is present, and other VHL-based PROTACs have been shown to work in
U2OS and HeLa cells (Maniaci et al., 2017). Additionally, it cannot be due to the loss of binding
affinity, as I have shown that Cpd A, a VHL-based PROTAC can still bind and inhibit AurKA in
vitro and in vivo. The most likely reason is that the ternary complex formation between AurKA
and VHL is either not formed at all or formed in an orientation that is unfavourable for lysine
ubiquitination on AurKA. This observation of E3 ligase selectivity is not uncommon and has
been reported elsewhere where the choice of E3 ligase recruited can result in differential or
lack of degradation of the target protein using the same warhead (Bondeson et al., 2018; Lai
et al., 2016; Remillard et al., 2017).
In testing the initial PROTACs, I also found that increased linker length correlated with greater
degradation and that PROTAC-D caused the greatest degradation, so it was chosen for further
experimentation. This correlation was confirmed with the later synthesis of a longer CRBbased PROTAC that resulted in even greater degradation of AurKA. Other works have also
reported that a greater linker length makes for better ternary complex formation between
the target and the E3 ligase because of potentially reducing steric clashes between the target
and E3 ligase (Crew et al., 2018; Donoghue et al., 2020; Qin et al., 2018; Rana et al., 2019;
Zorba et al., 2018). However it is important to note that the relationship between linker length
and PROTAC efficacy is still not fully understand as some shorter length linkers can perform
better than longer ones for the same PROTAC (Cyrus et al., 2011; B. Wang et al., 2019),
possibly because longer linkers can have a more profound ‘hook effect’ (discussed later)
(Bondeson et al., 2018) or reduce cellular permeability. Besides just affecting efficacy, linker
length has also been shown to change the target specificity of a PROTAC utilising the same
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binders (Smith et al., 2019). It has also been shown that the linker type and also site of linker
attachment between with the target or E3 ligase binders can affect PROTAC functionality
(Bondeson et al., 2018; Cyrus et al., 2011; K. Kim et al., 2019). For example, changing the linker
from an alkyl linker to PEG linker for a PROTAC utilising VHL to target CRB resulted in a
decrease in degradation (K. Kim et al., 2019). Therefore, the choice of E3 ligase, linker lengths,
type, and also the site of linker attachment should be optimised for each PROTAC to ensure
ternary complex formation. To aid the design of PROTACs, in silico modelling methods are
being developed that utilises protein-protein docking to score how well ternary complexes
can be formed (Drummond et al., 2020).
Taking PROTAC-D forwards, I showed that it degrades AurKA in a time- and concentrationdependent manner in prometaphase cells arrested with STLC. I showed that AurKA
degradation begins immediately after the addition of PROTAC-D, maximal degradation is
around 80% after 6 hours of treatment in the case of 1 µM PROTAC-D, and the DC50 is
approximately 100 nM. The efficacy of PROTAC-D appears within the range and order of
magnitude of other PROTACs reported in the literature after looking in a PROTAC database
(Weng et al., 2020). However, PROTACs that are planning to be used clinically or in vivo in
animals to degrade such proteins like the androgen receptor in the case of ARV-110 have
reported DC50s of a few nM capable of near 100% deletion of the intended target (Neklesa et
al., 2019). Despite the potentially therapeutically limited application of PROTAC-D due to its
DC50, it can still provide useful insights into the functioning of PROTACs and the pathways and
functions its target protein has. Although the maximum concentration I used was 1 µM, I did
not observe the ‘hook effect’ which is a characteristic of systems comprising of three
components. The ‘hook effect’ is that the relationship between PROTAC degradation and
concentration is not linear, but rather bell shaped, meaning that at higher concentrations of
PROTAC, degradation decreases (Bondeson et al., 2015). This is because at higher
concentrations, the PROTAC can become auto-inhibitory through competition with its own
binary complexes i.e., AurKA-PROTAC and PROTAC-E3.
During my experiments, I noticed that PROTAC-D treatment of the STLC arrested cells led to
an exit of mitosis and escape from the arrest, suggesting inactivation of the SAC, the
checkpoint which keeps cells arrested at prometaphase by inhibiting the APC/C. This needed
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to be investigated since AurKA is a ubiquitination substrate of the active APC/CCdh1. Therefore,
I needed to show that the degradation of AurKA by the PROTAC was independent of the
activation and degradation by the APC/C. In the presence of APCin and proTAME, two
inhibitors of the APC/C (Sackton et al., 2014; X. Zeng et al., 2010) which prevented Cyclin B1
degradation and mitotic exit, I showed that AurKA degradation still occurred after PROTAC-D
treatment. Thus, it was shown that PROTAC-D-mediated degradation of AurKA is independent
of mitotic exit and ubiquitination by the APC/C. This was also demonstrated by showing the
degradation of AurKA by PROTAC-D in interphase cells. This finding here in regard to PROTACD-mediated mitotic exit supports a role for AurKA in maintaining the SAC (Courtheoux et al.,
2018) but the possibility of off-target effects must also not be ruled out. Furthermore, I also
showed that the APC/CCdh1 degradation-resistant AurKA mutants, S51D-AurKA, and ∆A-boxAurKA are still capable of being degraded by PROTAC-D, supporting that the degradation is
APC/CCdh1 independent. Importantly, it also shows that the ubiquitin-mediated degradation
of AurKA by CRB did not require any of the same substrate-specific determinants as its
cognate ubiquitination pathway. Therefore, if the cognate determinants are not required for
AurKA degradation by the PROTAC, then what is? Very little work has been done so far to
study what requirements are needed for PROTAC-mediated degradation. One work looking
at the degradation of CRB and VHL by using a VHL-CRB heterodimerizing PROTAC showed that
a disordered region within VHL that is independent of the ubiquitination of its lysine’s is
required for degradation (K. Kim et al., 2019). This result, therefore, seems to suggest a
requirement for degradation at the proteasome but not of the ubiquitination of the substrate.
Thus far, the only bona fide minimum requirement for PROTAC-mediated ubiquitination is
the formation of a ternary complex between the substrate and the E3 ligase in an orientation
that allows for successful ubiquitination of lysine residues (Bondeson et al., 2018; Roy et al.,
2019; Smith et al., 2019; Zorba et al., 2018).

7.5 Successful ternary complex formation is crucial for PROTAC-mediated
degradation
To explore the requirement of the ternary complex formation for PROTAC-D-mediated
degradation, I showed that MLN8237 and pomalidomide alone was unable to cause AurKA
degradation. Importantly, I also showed that degradation by PROTAC-D was reduced by
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competition with pomalidomide in a dose-dependent manner. Ternary complex formation
not only dictates if the target protein will be degraded by the PROTAC but can also alter the
specificity of PROTAC-mediated degradation. This is an important modality for our MLN8237based PROTACs as MLN8237 is also an inhibitor of the closely related AurKB (de Groot et al.,
2015) and therefore can lead to non-specific degradation of AurKB. I explored this first by
examining the results from an in vitro binding assay measuring the kinetic inhibition of
PROTAC-D, Cpd A, and MLN8237 for AurKA and the closely related AurKB. The IC50s reveal
that MLN8237 has a lower IC50 compared to the PROTACs, and that the PROTACs and
MLN8237 all have greater specificity for AurKA over AurKB (MLN8237: ∼8-fold, PROTAC: ∼20fold), but the PROTACs have greater fold-specificity compared to MLN8237. The lower IC50 is
not too surprising and it has been demonstrated elsewhere that the warhead alone has a
stronger binding affinity compared to the PROTAC (Lai et al., 2016; Potjewyd et al., 2020;
Tovell et al., 2019). It could be speculated that the reason for this might be because the
hydrophobic nature of the linker could lead to the compound folding back on itself, or
increased steric hindrance, and thus creating a larger entropic cost to binding. The greater
fold-specificity of the PROTACs for AurKA over AurKB compared to MLN8237 demonstrates
that the addition of the linker and pomalidomide can alter the binding profile of MLN8237.
This is possibly because of the steric parameters conferred by the additional bulk of the
PROTAC compared to MLN8237. However, I showed that even if the VHL-PROTAC, Cpd A, can
bind and even inhibit AurKA to similar level compared to PROTAC-D, it does not mean it will
degrade it. Other work has also shown that there is no correlation between the binding
affinity of PROTAC to its target and the extent of PROTAC-induced degradation (Bondeson et
al., 2018). Therefore, since in vitro binding data of the PROTACs does not indicate
degradation, I investigated if PROTAC-D, which still binds to AurKB, could degrade it. Using
single cell time-lapse imaging to measure exogenously expressing AurKB-Venus and
immunoblotting to look at endogenous AurKB, I found that there was no degradation of
AurKB by PROTAC-D, confirming that PROTAC binding does not equate to degradation. This
further supports that degradation happens only when there is a successful ternary complex
formation, despite the same substrate binding warhead, which contributes to the greater
selectivity of PROTACs (Bondeson et al., 2018; Cyrus et al., 2011; Donoghue et al., 2020; H. T.
Huang et al., 2018; Rana et al., 2019; Smith et al., 2019).
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7.6 PROTAC-D selectively degrades AurKA
Given the importance of a successful ternary complex formation for ubiquitination and
degradation by the PROTAC, a question that arises is if a PROTAC can degrade its target
substrate and its interacting partners. One could hypothetically imagine two scenarios, the
first is that the interacting partner of the target is recruited into close proximity to the
recruited E3 ligase, resulting in direct ubiquitination and subsequent degradation. The second
is that only the target protein is ubiquitinated by the E3 ligase but the whole complex may be
recruited to the proteasome for degradation due to the close association of the proteins in
the complex. If PROTACs can degrades complexes, an advantage would be that the PROTAC
could be even more efficacious in disrupting a signalling pathway or activity of the target
protein, or it could be a disadvantage if more specific degradation is required. It has been
shown in other works that PROTACs targeted against the EED subunit of the PRC2 complex,
involved in epigenetic modulation of transcription through histone H3 methylation, results in
the decreased levels of the other subunits of the PRC2 complex, EZH2 and SUZ2 (Hsu et al.,
2020; Potjewyd et al., 2020). However, it is unclear in those works if the degradation of the
other subunits is directly dependent on the PROTAC or if the degradation of EED results in
destabilisation of the whole PRC2 complex due to altered stoichiometry of binding partners,
a result that can be also seen after EED knockdown (Jian Xu et al., 2015). I investigated if
PROTAC-D could degrade AurKA’s well know interactor, TPX2, which activates and localises
AurKA to the mitotic spindle (Bayliss et al., 2003; Kufer et al., 2002). In addition, I also looked
at the degradation of a substrate and activator of AurKA, TACC3, which is involved in
microtubule nucleation and stabilisation (Booth et al., 2011; Burgess et al., 2015; Cheeseman
et al., 2011). I showed that after the addition of PROTAC-D, there was no loss of TPX2 or
TACC3, even after near-complete degradation of exogenous and endogenous AurKA. This
result is interesting as it demonstrates that PROTAC-D is capable of selectively degrading
AurKA whilst not interacting with TPX2 or TACC3. Additionally, it shows that despite TPX2
regulating AurKA stability (Giubettini et al., 2011), TPX2 and TACC3 remain stable in the
absence of AurKA, suggesting that they are stable individually or that other interactors can
stabilise them. A possible reason for this selective degradation is that the interactors of AurKA
studied are recruited to the E3 ligase by PROTAC-D via AurKA, however, they are not
orientated correctly within the ternary complex that allows exposed surface lysines to receive
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ubiquitin. Alternatively, it might be possible that only unbound AurKA can be targeted by
PROTAC-D due to the conformation of the AurKA kinase domain. It has been shown that TPX2
binding to AurKA alters the conformation of the AurKA kinase domain into a DFG-in state
(Cyphers et al., 2017), this DFG-in state can then reduce the ability of DFG-out inhibitors like
MLN8237, and thus PROTAC-D to bind (de Groot et al., 2015; Lake et al., 2018). If this is the
case, it can have implications on PROTACs being targeted for population- or activation-specific
forms of AurKA which could be of potential therapeutic benefit by offering greater control of
degradation. Future work could explore on a larger scale if any other protein levels are
perturbed after PROTAC-D treatment. SILAC mass-spectroscopy could be used to compare
which protein are downregulated after PROTAC-D treatment. This finding could potentially
identify off-target effects of the PROTAC either directly, or through perturbations in AurKA
signalling.

7.7 PROTAC-mediated degradation of AurKA favours non-centrosomal AurKA
and results in shorter spindles
After showing that I have a PROTAC that can specifically and selectively degrade AurKA, in the
final part of my PhD, I sought to characterise the phenotypic effects of AurKA degradation
mediated by our PROTAC and the cellular functionality of its degradation. Importantly, I tried
to compare the differences where possible, between the effects of AurKA degradation and
that of inhibition. Any observed differences may confer a unique characteristic advantage, or
potential disadvantage in using the PROTAC both in a clinical or research setting in affecting
or dissecting protein functionality respectively.
I first noticed that PROTAC-D-mediated degradation resulted in the loss of AurKA from the
spindles, but it was not so effective at removing AurKA from the centrosome. I also found that
surprisingly, a downstream centrosomal substrate of AurKA, LATS2 (Toji et al., 2004),
remained phosphorylated after PROTAC-D treatment, whilst MLN8237 treatment resulted in
a dose-dependent loss of pLATS2. However, measuring the active form of AurKA itself, pT288,
on the centrosome revealed that PROTAC-D and Cpd A both slightly reduced levels of pT288
but not as much as MLN8237. Therefore, there seems to be a non-linear relationship between
the levels of AurKA on the centrosome, its activity, and the amount of substrate
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phosphorylation. Given this pattern of AurKA degradation, I next compared the effects of
AurKA depletion by PROTAC-D on mitosis compared to MLN8237 inhibition. I found that
PROTAC-D treatment resulted in shorter but otherwise unperturbed spindles whereas
MLN8237 caused mitotic defects ranging from problems with spindle orientation defects to
having no spindle at all. This difference in phenotype could be in agreement with PROTAC-D
having a smaller effect on centrosomal AurKA activity compared to MLN8237. Therefore,
centrosomal maturation and microtubule nucleation could still occur (Barr & Gergely, 2007).
On the other hand, the shorter spindle phenotype could be the result of the PROTACmediated loss of AurKA from the spindle, since it has been reported that TPX2 bound AurKA
on the spindle regulates spindle length (Bird & Hyman, 2008). In addition, I show that the
shorter spindle phenotype is degradation-dependent since Cpd A which has similar inhibition
of AurKA compared to PROTAC-D does not cause the shorter spindles.
There could be many reasons why AurKA is not degraded as well at the centrosomes by
PROTAC-D. The first is that the PROTAC is unable to reach AurKA at the centrosome due to
the larger size of the PROTAC compared to MLN8237. However, we know that this is not the
case since there is at least some inhibition and degradation of AurKA at the centrosome. The
other possibility is that PROTAC-D can bind to centrosomal AurKA but not recruit CRB or any
of the other machinery of the UPS. To investigate this further, I examined the localisation of
CRB in mitotic cells after PROTAC-D treatment. The results showed that CRB was not localised
to the centrosome or the spindle, suggesting perhaps that CRB was unable to be recruited to
the centrosome or spindle. However, the lack of observation of CRB at those localisations
could be because there is very little CRB engaged at any one moment in time to AurKA due to
the catalytic nature of PROTACs. Future work could utilise more sensitive methods to look at
CRB localisation such as using confocal immunofluorescence microscopy. The co-localisation
of AurKA and CRB could also be probed further by using proximity ligation assays (Alam,
2018). Furthermore, it might even be a possibility to label PROTAC-D with photoreactive
groups such as diazirine (Su et al., 2015) to see where it is binding to AurKA. The photoreactive
group which when after UV photo-irradiation, forms a reactive intermediate that covalently
binds to its substrate in a distance-dependent manner. ‘Click’ chemistry reporters can then
be used to visualise where the label is and identify the localisation of target engagement.
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So, what could cause the degradation from the centrosome and the spindle if there is
potentially no visible recruitment of CRB to those localisations? The answer could potentially
lie in the observation that AurKA is rapidly exchanging from the spindle and the centrosome
with the cytoplasmic pool of AurKA (Bertolin et al., 2016). Therefore, degradation only occurs
in the cytoplasm and it is the exchange of centrosomal and spindle AurKA with the
cytoplasmic pool that causes the loss of AurKA in those localisations. The finding that AurKA
is degraded less at the centrosome would be in agreement with the finding that there is a
sub-population of AurKA on the centrosome which does not exchange with the cytoplasm
(Bertolin et al., 2016). This result is supported by the fact that when I knocked down CEP192,
the protein that localises AurKA to the centrosome (Joukov, Walter, & De Nicolo, 2014), and
removed AurKA localisation from the centrosome, there was enhanced PROTAC-mediated
degradation of AurKA. Future work could involve trying to see if the opposite can be done to
see decreased degradation upon CEP192 overexpression, or to express a centrosome anchor
for AurKA. I had also observed that there was greater localisation of CRB in the nucleus in
interphase cells. I showed that this nuclear localisation of CRB correlated with enhanced
nuclear degradation of AurKA. This led me to hypothesise that nuclear localised AurKA is
degraded more and this was confirmed in my experiment where I showed that the more
nuclear localised Δ67-AurKA mutant was degraded more than WT-AurKA by PROTAC-D.
I also speculated that PROTAC-D may compete with TPX2 for binding to AurKA and this is
mentioned earlier when it was suggested that PROTAC-D might preferentially bind to free
AurKA. This is because TPX2 binding causes the kinase domain of AurKA to be in a DFG-in state
which then has negative co-operativity of binding to a DFG-out inhibitor such as MLN8237
(Bayliss et al., 2003; Cyphers et al., 2017; Lake et al., 2018). This competition was speculated
because MLN8237 and Cpd A treatment resulted in a loss of AurKA from the spindles, but an
increase in the adjacent cytoplasm. I tested this hypothesis and showed that the non-TPX2
binding mutant of AurKA, S155R-AurKA (Bibby et al., 2009) was degraded more by the
PROTAC compared to WT-AurKA.
The reporting here that PROTACs can have localisation-dependent effects is an exciting
phenomenon as to our knowledge, there have been no other reports of such observations
except for a cysteine directed electrophilic PROTAC (X. Zhang et al., 2019). This PROTAC which
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covalently binds to nuclear DCAF16, a poorly characterized substrate recognition component
of CUL4-DDB1 E3 ubiquitin ligases, is able to selectively cause nuclear degradation of FKBP12
whilst leaving cytosolic levels unperturbed. The ability of PROTACs to confer localisationdependent degradation offers a new modality in utilising and designing PROTACs as it may
provide a way to improve their specificity. In such a case, PROTACs may be designed so that
it only engages an E3 ligase localised at the target site of degradation.
A very recently published work also studied and characterised a novel PROTAC against AurKA
as a target (Adhikari et al., 2020). Their work demonstrated similar findings to the work done
here showing the specificity and kinetics of the PROTAC. Although they did not look at the
effect of AurKA degradation on single cells or at a subcellular biology level, they did report
that AurKA degradation by the PROTAC caused an S-phase arrest and not a mitotic arrest, that
potentially involved a kinase-independent interacting role with proteins such as DICER1,
TARBP2, YLPM1, AGO2, and DROSHA. I did not observe an S-phase arrest and neither a mitotic
arrest. Nevertheless, it shows the promise of PROTACs and their ability to identify potentially
new kinase-independent functions.

7.8 PROTAC-D is able to rescue mitochondrial fragmentation in interphase
So far in using PROTAC-D, I have shown that it is capable of degrading AurKA whilst having a
minimal phenotype in mitotic cells compared to MLN8237 inhibition of AurKA. Therefore, I
decided to investigate if there is an impact of PROTAC-D-mediated AurKA degradation in
interphase cells. This is of interest as it has been recently reported in work done prior in our
lab showing that in U2OS Cdh1KO cells, where AurKA was no longer degraded at mitotic exit,
its activity still decreased. Therefore, at anaphase, the degradation of AurKA by APC/Cdh1 and
its inactivation is uncoupled. However, in the absence of AurKA degradation at mitotic exit in
those Cdh1KO cells, AurKA activity built up earlier than in parental cells with Cdh1. This finding
shows that AurKA degradation at anaphase is crucial in keeping interphase AurKA levels low
and suppressing its interphase activity and function (Abdelbaki et al., 2020). To investigate a
phenotype associated with AurKA levels in interphase, I looked at mitochondria morphology.
This is because it is a recently reported function of AurKA that can be affected through
perturbing AurKA levels in interphase (Abdelbaki et al., 2020; Bertolin et al., 2018; Grant et
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al., 2018). A cleaved isoform of AurKA that reveals a mitochondrial targeting sequence (MTS)
in its N-terminus localises to the mitochondria in interphase. There, AurKA plays a role in
mitochondrial fission, controlling the connectivity of the mitochondria. This has important
implications as mitochondria dynamics, as controlled by fusion and fission, has a role in ATP
generation and distribution in the cell (Mishra & Chan, 2016) and is a possible link between
AurKA and cancer metabolism (Ward & Thompson, 2012; J. Zhao et al., 2013).
It has been shown that in the case of AurKA overexpression and that in the case of Cdh1KO
cells, in interphase, there is increased mitochondrial fission, resulting in fragmented and
shorter mitochondria (Abdelbaki et al., 2020; Bertolin et al., 2018; Grant et al., 2018). To test
the effect of PROTAC-D on mitochondrial length, I tried to rescue the short mitochondria
phenotype in interphase of Cdh1KO cells. U2OS Cdh1KO cells that were generated using
CRISPR/Cas9 were utilised and synchronised in interphase using RO-3306. The arrested cells
were then treated with either MLN8237, PROTAC-D, or Cpd A for 3 hours and then stained
with Mitotracker® Red CMXRos to be imaged for mitochondria morphology [Fig 7-1A]. The
lengths of mitochondria in individual cells were quantified using MicroP software and the
lengths were plotted [Fig 5-7B].
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Figure 7-1 PROTAC-D rescues mitochondrial phenotype of AurKA overexpression in interphase
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Mitochondria morphology was imaged in RO-3306-arrested U2OS Cdh1KO cells after DMSO, 100 nM MLN8237,
250 nM Cpd A, or 250 nM PROTAC-D treatment for 3 hours. A) Mitochondria was stained using Mitotracker®
Red CMXRos and example mitochondria is shown in each of the treatments. B) Measurement of mitochondria
length using MicroP, data was pooled from two independent experiments. Mean and SD are plotted, KruskalWallis ANOVA for significance, n ≥ 25. Dr Catherine Lindon assisted in the montage and Ahmed Abdelbaki
assisted with image acquisition and MicroP analysis.

The results showed that in the case of AurKA overexpression in U2OS Cdh1KO cells arrested in
G2-phase, the mitochondria were fragmented with short lengths (DMSO). This phenotype was
able to be rescued upon MLN8237 treatment or PROTAC-D treatment, but not Cpd A
treatment. This seems to suggest that PROTAC-mediated degradation of AurKA is more
efficient than just kinase inhibition in downregulating interphase AurKA mitochondria
function. This is because when comparing PROTAC-D and Cpd A, which has similar activity as
an inhibitor of AurKA but is unable to bring about its degradation, Cpd A is unable to rescue
mitochondria morphology at the same concentration. This finding is important as it shows
that even though PROTAC-D does not have a strong phenotypic effect in mitosis compared to
MLN8237, it has a much stronger relative effect in interphase. Therefore, it is conceivable
that a PROTAC could be used to target a phenotype that could be otherwise un-targetable
with an inhibitor without unwanted phenotypes elsewhere.
So far, I have used Cpd A as a control to PROTAC-D in order to compare the effects of AurKA
kinase inhibition to that of degradation. Although I have shown in vitro that they have similar
binding affinity to AurKA and in vivo that they both inhibit AurKA T288 phosphorylation to a
similar extent, they are not the same molecule. For future experiments, a more closely
comparable control should be used, and therefore, a methyl residue could be added to the
PROTAC or an isomer of PROTAC could be created so that it would be near identical in
structure but lack binding to CRB (Adhikari et al., 2020; L. Li et al., 2020). Having such a nondegrading PROTAC would give us more confidence in seeing the differential effect of
degradation versus inhibition.
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7.9 The tFTs are able to report on the increased turnover of AurKA by the
PROTACs
In this thesis, I have shown that I have characterised a novel tool in the way of tFTs to measure
AurKA stability along with a novel PROTAC that can degrade AurKA. A logical conclusion
therefore to my project would be to test if the tFTs can report on the degradation by PROTACD. To do this, U2OS AurKA-mRuby-mNeonGreen cells were seeded and synchronised with 2.5
mM thymidine to induce an S-phase arrest, an arrest where we have shown that the tFT ratio
is at near steady state. 250 nM PROTAC-DX was then added and after 3 hours of treatment,
the tFT ratios of the cells were measured at a single time-point [Fig 7-2].
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Figure 7-2 PROTAC-DX treatment results in a decrease in AurKA-tFT signal
U2OS AurKA-mRuby-mNeonGreen cells were arrested in S-phase with 2.5 mM thymidine for 24 hours. The
arrested cells were then treated with 250 nM PROTAC-DX for 3 hours prior to single cell snapshot imaging to
measure the nuclear tFT ratio in a 30-pixel ROI. Data from 2 separate experiments are pooled together. Mean
and SD are shown, Kruskal-Wallis test for significance, n ≥ 71.

The results showed that after 3 hours of PROTAC-DX treatment, the tFT ratio of AurKA is
significantly lower compared to that of DMSO control and Cpd A treatment. This experiment
nicely demonstrates the utility of both tools and shows that the tFT could be used to measure
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changes in protein turnover caused by a novel degrader using a single time-point
measurement.

7.10 Concluding remarks
The PROTAC field is still relatively new, with the first small molecule PROTACs being created
in 2008 (Schneekloth et al., 2008). Since then, more and more work has been done to
understand them that would enable better designs for the future. Although there are over
600 mammalian E3 ligases, only a few, including VHL, CRB, cIAP, and MDM2, have been
utilised in PROTACS. A future opportunity would be to identify new E3 ligases that could
perhaps confer localisation-, tissue-, or disease-specific degradation by utilising localisation-,
tissue- or disease-specific E3 ligases. Here, we have already demonstrated that our AurKA
PROTAC has a localisation-dependent effect on AurKA. Furthermore, I have shown here that
the degradation selectivity of PROTACs can also exceed the binding selectivity of the protein
ligand, due to the importance of a correct ternary complex formation. This additional layer of
selectivity in addition to utilising specific E3 ligase could offer an extremely tuneable and
specific tool therapeutically. However, the greatest potential for the PROTAC lies in its ability
to degrade proteins that do not have definitive binding pockets. Degradation by the PROTAC
does not necessarily require potent binding to the substrate as a successful ternary complex
formation can compensate for weak PROTAC binding to the substrate. Therefore, hope lies in
the PROTACs to disrupt scaffolding proteins or weak protein-protein interactions which only
weak binders exist for.
Despite the potential of PROTACs, their future is not without challenge though. One of the
greatest difficulties with any new drug is the mutation of the target or changes in cellular
pathways that confer resistance to the drug, and this is no exception for the PROTACs. It has
been shown in cancer cell lines that prolonged treatment with the BET-PROTACs targeting
bromodomain proteins causes resistance and upwards of a 40-fold increase in IC50. However,
when studied further, the resistance stemmed not from mutations within the target itself,
but that of the components of the UPS such as CRB or CUL2 (L. Zhang et al., 2019).
Nevertheless, the future of PROTACs is bright and there is great anticipation for the results of
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the ongoing clinical trials of the PROTACs ARV-110 and ARV-471 in treatment of prostate
cancer and breast cancer.
My work here on the tFTs seeks to lay the foundations in developing it as a tool for highthroughput analysis of regulators of AurKA stability and perhaps even novel PROTACs.
Although more work needs to be done in finding a true steady state for the tFTs, it is an
exciting prospect to be able to visually measure localised relative stability of proteins in live
cells.
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Supplementary
Supplementary code 1
The system of ordinary differential equations
function ret = Tandem(t,y,p,m,k,m1,m2)
ret=zeros(5,1);
%Species in system, refer to Khemlinskii 2012 for what species
represent
GFPNd=y(1);
GFPNm=y(2);
RFPNd=y(3);
RFPNi=y(4);
RFPNm=y(5);
ret(1)=p-k.*GFPNd-m.*GFPNd;
ret(2)=m.*GFPNd-k.*GFPNm;
ret(3)=p-k.*RFPNd-m1.*RFPNd;
ret(4)=m1.*RFPNd-k.*RFPNi-m2.*RFPNi;
ret(5)=m2.*RFPNi-k.*RFPNm;
end

Supplementary code 2
The script to call on the function
clear all
close all
%Time of Perturbation
ToP=20
ToP2=30
ToP3=60
%Timespan
Tend=80
%Initial parameters
p=1;
m=5;
m1=1;
m2=1;
k=3;
%Initial number of species (refer to Tandem.m for order)
y0=[0 0 0 0 0];
%Timespan
tspan=[0 ToP];
[t,y]=ode45(@(t,y) Tandem(t,y,p,m,k,m1,m2), tspan, y0);
%Perturbation at time ToP
p=1;
m=5;
m1=1;
m2=1;
k=0.5;
y1=y(:,1);
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y2=y(:,2);
y3=y(:,3);
y4=y(:,4);
y5=y(:,5);
yP0=[y1(end) y2(end) y3(end) y4(end) y5(end)];
tspan2=[ToP ToP2];
[tP,yP]=ode45(@(t,y) Tandem(t,y,p,m,k,m1,m2), tspan2, yP0);
%Second perturbation at time ToP2
p=1;
m=5;
m1=1;
m2=1;
k=3;
yi=yP(:,1);
yii=yP(:,2);
yiii=yP(:,3);
yiv=yP(:,4);
yv=yP(:,5);
yP02=[yi(end) yii(end) yiii(end) yiv(end) yv(end)];
tspan3=[ToP2 ToP3];
[tP2,yP2]=ode45(@(t,y) Tandem(t,y,p,m,k,m1,m2), tspan3, yP02);
%Third perturbation at time ToP3
p=1;
m=5;
m1=1;
m2=1;
k=0.5;
y2i=yP2(:,1);
y2ii=yP2(:,2);
y2iii=yP2(:,3);
y2iv=yP2(:,4);
y2v=yP2(:,5);
yP03=[y2i(end) y2ii(end) y2iii(end) y2iv(end) y2v(end)];
tspan4=[ToP3 Tend];
[tP3,yP3]=ode45(@(t,y) Tandem(t,y,p,m,k,m1,m2), tspan4, yP03);
%plots
combinedY=cat(1,y,yP,yP2,yP3);
combinedT=cat(1,t,tP,tP2,tP3);
Ratio=combinedY(:,5)./combinedY(:,2);
hold all
plot(combinedT,combinedY(:,2),'g')
plot(combinedT,combinedY(:,5),'r')
orange=1/255*[255,165,0]
plot(combinedT,Ratio,'Color', orange)
xlabel('Time')
ylabel('Relative fluorescence intensity')
set(gca,'FontSize',15);
set(findall(gca, 'Type', 'Line'),'LineWidth',3);
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Supplementary figure 1
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Supplementary figure 1 pLATS2 staining after PROTAC-D and MLN8237 treatment
pLATS2 from IF staining as measured by line scan after DMSO, PROTAC-D, or MLN8237 treatment in cells
synchronised into mitosis after release from thymidine arrest. Line-scans were drawn across cells in metaphase,
the line is of a fixed distance (30 µM) and centred between the spindle poles. A) U2OS cells treated with
increasing concentrations of PROTAC-D or MLN8237, n ≥ 28. B) hTERT-RPE1 cells treated with 250 nM PROTACD or MLN8237, n ≥ 22. Means and SD are plotted.
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Supplementary figure 2
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Supplementary figure 2 Spindle pole shortening is degradation specific
IF analysis of metaphase U2OS cells synchronised with thymidine release into APCin (40 µM) and proTAME (20
µM) prior to treatment for 3 hours with DMSO, 250 nM PROTAC-D, 250 nM Cpd A or 25 nM and 250 nM
MLN8237 before fixation. A) Measurement of total cellular AurKA levels after background subtraction in the
TPX2 stained cells. Mean and SD are shown, Kruskal-Wallis one-way ANOVA on ranks for statistics, n ≥ 33. D)
Measurement of spindle pole distance as measured from TPX2 stained cells. Mean and SD are shown, ordinary
one-way ANOVA on ranks for statistics, n ≥ 29.
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