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Abstract
The cell cycle is tightly regulated to safeguard the complete and equal division of the
nuclear contents between the daughter cells. To ensure accurate segregation of the
chromatin, DNA catenation generated during replication must be resolved by
topoisomerase IIa (TopoIIa). In some tumour-derived cells, Protein kinase C epsilon
(PKCε) has been shown to play a crucial role in mediating a delay signal at the
metaphase-to-anaphase transition when catenation is still present, allowing time for
catenation resolution prior to anaphase entry and sister chromatid separation. PKCε
has also been shown to affect the decatenation process itself, with an increase in
metaphase catenation being observed upon PKCε knock down or inhibition.
Active PKCe is predominantly membrane associated as lipid binding is required for
canonical activation. However, a lipid-independent activation pathway has been
observed which involves complex formation with the scaffold protein 14-3-3. In this
thesis, we have identified a second lipid-independent pathway. In mitosis, we have
identified a caspase-mediated, proteolytic cleavage of PKCe within a chromatinassociated sub-compartment. The cleavage occurs at two distinct sites, one of which
leads to the generation of a free kinase domain. Blocking PKCε cleavage at this site,
via mutation or caspase-7 inhibition, results in a reduction in the PKCε dependent
delay to the metaphase-to-anaphase transition. This can be rescued by artificially
recapitulating the cleavage event. Cells expressing a non-cleavable PKCε also retain
larger amounts of metaphase catenation, indicating that cleavage is required to
support resolution as well as the delay. As both of these phenotypic responses
require active PKCe this proteolytic cleavage represents a novel, non-canonical
activation pathway. The mechanism by which the free kinase domain generated
influences the response to TopoIIa inhibition is still to be fully resolved but
phosphorylation

of the

key

mitotic

regulator Aurora

B

and

subsequent

phosphorylation of TopoIIa have been shown to play a crucial role.
Due to an increased dependence on this response in a number of tumour-derived
cells, identifying the pathways involved in its regulation may offer a potentially novel
target for cancer therapeutics.
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Impact statement
The protective pathway described in this thesis represents a ‘fail-safe’ mechanism,
which protects the cell from DNA damage in the event of evasion of the G2 catenation
checkpoint. The G2 catenation checkpoint has been demonstrated to be
compromised in a range of tumour-derived cell lines, resulting in an increased
dependence of these cells upon the TopoIIa mediated metaphase response for
maintenance of chromosomal stability.
This thesis provides mechanistic insight into the regulation of a previously poorly
understood cell cycle checkpoint that acts to prevent the progression of the cell cycle
under conditions in which excess catenation is present. This expands the knowledge
of the cellular functions of several key proteins and provides information pertaining
to the fine-tuning of caspase-7, PKCe, Aurora B and TopoIIa activity as a conditional
response to the engagement of this checkpoint.
As such, the molecular details presented in this thesis could be exploited to explore
novel therapeutic targets that could be utilised in the design of tumour-directed
treatments. Targeting the signalling pathway described in this study, in combination
with partial topoisomerase inhibition, would drive cancer cells which exhibit a
defective G2 catenation checkpoint to by-pass the metaphase catenation response
in the absence of catenation resolution, to lethal effect.
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Chapter 1 Introduction

Chapter 1.

Introduction

1.1 Importance of the kinome

The operation and co-ordination of vital cellular processes requires a complex
network of signalling. Exquisitely controlled regulation of this network is essential for
the proper functioning of cellular programmes including development, proliferation,
differentiation, metabolism, migration and apoptosis. Protein kinases are of particular
prominence in executing accurate signal transduction of cellular processes. These
enzymes mediate the transfer of phosphate typically from adenosine triphosphate
(ATP) to acceptor moieties most commonly the hydroxyl groups of serine, threonine
or tyrosine residues present in the substrate proteins (Krebs, 1956, Hanks and
Hunter, 1995, Fischer et al., 1959). The addition of phosphate groups to substrate
proteins can modulate the function of the protein by altering properties such as
activity and localisation.
From early work detailing the conversion of the inactive glycogen phosphorylase b
to its active a species by reversible addition of phosphate, a large body of work has
developed around the study of protein kinases (Cori and Green, Krebs et al., 1958) .
Following the human genome project, 518 protein kinases were identified,
accounting for around 1.7% of the protein coding genes, with protein kinases
compromising one of the largest superfamilies of homologous genes found in
eukaryotes (Manning, 2002). Owing to the fact that protein kinase mediated
phosphorylation of proteins is central to the regulation of many aspects of cellular
function, mutation and dysregulation of protein kinases is unsurprisingly implicated
in disease. 244 protein kinases have been mapped to disease loci or cancer
amplicons, and are frequently classed as oncogenes. Cancer driver genes are highly
enriched for protein kinases and their substrates, and a large number of somatic
mutations in protein kinases have been described in the accumulated cancer
genome (Greenman et al., 2007, Fleuren et al., 2016). As a result, the pursuit of

18

Chapter 1 Introduction

understanding how the complex network of protein kinase mediated signalling is
increasingly important.
The protein kinase superfamily, or kinome, can be divided into two broad groups
based on their substrate specificity. A large proportion of the kinome preferentially
transfer phosphate to serine or threonine residues, while the remainder show a
preference for phosphorylation of tyrosine residues. The kinome is further
segregated, through various evolutionary similarities, into seven main branches;
tyrosine kinases, tyrosine-like kinases, STE, casein kinase 1 (CK1), AGC, CAMK
and CMGC. The AGC kinase family is named after the three representative families,
cAMP-dependent protein kinase (PKA), cGMP-dependent protein kinase (PKG) and
protein kinase C (PKC) families (Hanks et al., 1988). The focus of this thesis will be
on PKCe, a member of the protein kinase C (PKC) family, a class of acutely regulated
protein kinases that are typically membrane associated.
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Figure 1.1 The human kinome

Schematic of the protein kinase superfamily. The protein kinase C (PKC) family
members are highlighted. Schematic adapted from illustration reproduced courtesy
of Cell Signaling Technology, Inc. (www.cellsignal.com).
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1.2 Protein kinase C family

1.2.1 Identification and classification of PKC

PKC isolated from rat brain cells was initially identified as a pro-form of a protein
kinase, which underwent limited, Ca2+ dependent proteolysis in extracts to an active
form termed PKM (Takai et al., 1977, Inoue et al., 1977). Further work demonstrated
that PKC was in fact able to be fully activated ex vivo in the absence of this limited
proteolysis. This required Ca2+ and a membrane associated factor, diacylglycerol
(DAG) to be present in the reaction (Kishimoto et al., 1980). The isolated PKC was
shown to be composed of three related, but distinct protein kinase species. These
were initially named type I, II and III PKC, these protein kinases became commonly
known as PKCa, PKC𝛽 (of which there are two splice variants PKC𝛽I and PKC𝛽II)
and PKC𝛾 (Coussens et al., 1986, Parker et al., 1986, Huang, 1986). Additional
screening of brain cDNA libraries identified a further 3 PKC isoforms designated
PKC𝛿, PKC𝜀 and PKC𝜁 (Ono et al., 1987). The list of isoforms was further expanded
to include PKC𝜂, PKC𝜄 and PKC𝜃, following screening of cDNA libraries from a
broader range of tissues (Osada et al., 1990, Osada et al., 1992, Selbie et al., 1993).
These isoforms demonstrate differential kinetics and specificities from the originally
isolated isoforms as well as distinct activation methods.
As is common with the majority of the kinome, the kinase or catalytic domain of the
PKC isoforms is highly conserved. The functional variation that allows for a range of
unique cellular functions is, for the main part, afforded by differences in the more
variable regulatory domains of the kinases. The PKC isoforms are grouped into three
functionally distinct sub-groups based on the structure of the divergent regulatory
domains, which notably confer different modes of activation. These groups are the
conventional PKCs (cPKCs) a, 𝛽I, 𝛽II and 𝛾, the novel PKCs (nPKCs) 𝜀, 𝛿, 𝜂 and 𝜃
and the atypical PKCs (aPKCs) 𝜄 and 𝜁 (Mellor and Parker, 1998).
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1.2.2 PKC structure and activation

The most well studied group of PKCs are the originally identified isoforms, the
cPKCs. Cloning of cPKCs revealed four conserved domains (C1-C4) connected by
5 variable domains (V1-V5) (Mellor and Parker, 1998). C1 and C2 are present in the
regulatory domain of cPKC with C3 and C4 constituting the serine/threonine catalytic
domain of the kinase containing both the ATP and substrate binding regions
(Coussens et al., 1986). The C1 and C2 domains have been extensively studied
using sequence alignment and scanning mutagenesis to determine their functional
role. The C1 domain was found to contain two repeated zinc-finger motifs which form
the binding site for DAG and phorbol esters (Kaibuchi et al., 1989). The C2 domain
was found to bind anionic lipids in a Ca2+ dependent manner (Shao et al., 1996).
These features confer the sensitivity to the second messengers, DAG and Ca2+,
described in early studies of the PKC family. Whilst the catalytic domain is conserved
in nPKCs along with the C1 domain, these isoforms lack a conventional C2 domain.
nPKCs contain a C2-like domain which closely resembles the C2 domain of cPKCs
but lacks the crucial aspartate residues required for Ca2+ binding, with nPKCs not
requiring Ca2+ for activation (Konno et al., 1989). The aPKCs, which do not depend
upon DAG or Ca2+ binding have an even more divergent regulatory domain.
Consisting of a truncated C1 domain and lacking a C2 domain these PKC isoforms
contain a Phox/ Bem 1 (PB1) domain, through which aPKCs are allosterically
activated by binding of interaction partners such as partitioning defective 6 (PAR6)–
CDC42 complex (Rosse et al., 2010).
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Figure 1.2 The PKC superfamily

A schematic of the domain structure and activators of mammalian PKCs. The family
members share a highly conserved catalytic domain and pseudosubstrate region,
but differ in the composition of their regulatory domains. The regulatory domain of
conventional PKCs (a,a, 𝛽I, 𝛽II and 𝛾) consist of a C1 and C2 domain, which bind
the co-activators DAG and lipid and Ca2+ respectively. The novel PKC (𝜀, 𝛿, 𝜂 and 𝜃)
regulatory domain has a C1 and an unconventional C2 domain that does not bind
Ca2+, these PKCs are activated by DAG and lipid. The atypical PKC (𝜄 and 𝜁)
regulatory domain has a truncated C1 domain and a PB1 domain, which is required
for binding with protein co-factors such as the Par6-CDC42 complex.

A common feature of the regulatory domain, conserved across the PKC family is the
presence of a pseudo-substrate region, a small amino acid sequence which mimics
substrate, but lacks the critical serine phospho-acceptor residue. In the native state
PKCs adopt an auto-inhibited structure with the pseudo-substrate region occupying
the active site. Binding of the appropriate second messengers works to displace the
regulatory domain, removing the pseudo-substrate region and freeing up the active
site of the kinase to phosphorylate substrates (Pears et al., 1990, Eichholtz et al.,
1990).
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It has also been demonstrated that for the optimal response to second messengers,
PKC family members, across all sub-groups, require phosphorylation at three key
sites. Priming phosphorylations in the activation loop, turn motif and C-terminal
hydrophobic region are important for the generation of a catalytically competent
kinase (Cameron et al., 2009, Keranen et al., 1995). Phosphoinositide-dependent
protein kinase 1 (PDK1), mammalian target of rapamycin 2 complex (mTORC2) and
autophosphorylation have been proposed to be involved in this phosphorylation
process (Le Good, 1998, Ikenoue et al., 2008, Rosse et al., 2010). Taken together,
these findings have allowed for the development of a model of PKC activation which
involves phosphorylation of the newly synthesised protein to generate a mature
‘primed’ but latent species. Upon second messenger binding PKC then becomes
active and is able to interact with substrates (this process is modelled in figure 1.3).
The series of differentially activated regulatory domains allows PKC activity to be
directed by a wide variety of stimuli (Borner et al., 1992). The potential for activation
from a range of sources establishes functional diversity of the family. As a number
of activation events demonstrate specific localisation, including the production and
tethering of second messengers to lipid membranes and interactions with scaffolds
and specific adapter proteins the PKC family is also able to operate with exquisite
spatio-temporal specificity (Jaken and Parker, 2000).
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Figure 1.3 Activation of PKC

Schematic detailing the activation of PKC, modelled on the activation of novel PKCs.
Novel PKCs consist of a kinase domain (blue domain) and regulatory domain made
up of C1 (light green domain), C2 (dark green domain), and a pseudosubstrate
region (orange). The newly synthesised PKC requires phosphorylation of three key
residues present in the activation loop, turn-motif, and C-terminal hydrophobic
regions. Upon phosphorylation of these sites, indicated by red dots, the kinase
adopts an auto-inhibited state with the pseudosubstrate region occupying the active
site of the kinase domain. The binding of lipid second messengers, such as DAG
present in the lipid bilayers, via the C1 domain displaces the pseudosubstrate region
allowing activity of the kinase.
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1.3 Protein kinase Ce

1.3.1 Cellular function of PKCe in mitosis

The work detailed in this thesis is specifically focused on the cellular function of the
nPKC, protein kinase Ce (PKCe). PKCe, first isolated from brain tissue, is found to
be expressed in a diverse range of tissues including the heart, immune, neuronal,
epidermal, endothelial, hormonal and retinal cells (Bogoyevitch et al., 1993, Chen et
al., 1995, Fisher et al., 1993, Haller et al., 1996, Yu et al., 2006). Inactive PKCe can
be visualised predominantly in the cytosol with some punctate granules which likely
represent weak associations with the endoplasmic reticulum. Upon activation with
DAG or phorbol esters translocation is observed to membranous sites (Goodnight et
al., 1995). Translocation of active PKCe is fine-tuned to allow the diverse range of
functions of the kinase. The specific targeting of PKCe to certain cellular components
such as the mitochondria and the cell periphery, is controlled by a complement of
second messengers and anchoring proteins. For example, the second messenger
bound to the C1 domain can affect the localisation of PKCe. When DAG is bound
PKCe translocates to the plasma membrane and cytoskeleton, whereas binding of
arachidonic acid results in PKCe translocation to the Golgi (Kashiwagi et al., 2002).

PKCe is capable of effecting the outcome of a wide range of crucial cellular functions
including neurite differentiation and outgrowth, cell motility, cell survival and
migration (Ivaska et al., 2002, Brodie et al., 1999, chen and Tian, 2011,Basu, 2002
#448). It has also been demonstrated to be involved in several functions vital to the
cell cycle. PKCe activity is generally associated with pro-proliferative effects with
PKCe activity being linked to cellular responses including the induction of cyclin D
transcription, upregulating the cyclin D and cyclin E synthesis required to drive cell
cycle entry (Soh and Weinstein, 2003). Recent work has demonstrated that PKCe is
involved in the mitotic phase of the cell cycle with the kinase physically and
functionally interacting with the motor protein dynein regulating both centrosome
migration and spindle organisation (Martini et al., 2017). Further to this, PKCe has
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also been shown to have a crucial role in faithful completion of cell division, being
important for mediating the anchorage and RhoA activity crucial for furrow ingression
and completion of cytokinesis (Hämälistö S et al., 2013, Saurin et al., 2009). During
the process of mitotic cell division, the cellular contents need to be duplicated and
equally partitioned to produce two identical daughter cells. In the absence of PKCe
activity this process can become perturbed. Evidence for this came from the
observation that small interfering RNA (siRNA) mediated knock down of PKCe in
certain cells resulted in an increase in the presence of binucleate cells (Saurin et al.,
2009), indicative of mitotic failures of the final stage of cell division, cytokinesis. In
addition to the role in cytokinesis PKCe has been shown to also be important for
events at earlier stages in the cell cycle. This was evidenced by the presence of DNA
bridges in anaphase cells (Brownlow et al., 2014). Anaphase bridging is indicative of
errors occurring prior to the onset of the segregation process.

Further investigation found that PKCe has a crucial role in the engagement of cell
cycle regulatory machinery in response to failure to resolve DNA topology post
replication. It has been demonstrated, in a mammalian system, that PKCe is involved
in the engagement of a metaphase-anaphase delay in the presence of catenation.
The metaphase to anaphase transition is the point at which the cell commits to
separation of the sister chromosomes, it is critical for the success of this division that
the chromosomes are properly aligned along the metaphase plate and correctly
attached to polarized spindles (Toyoda and Yanagida, 2006). Correct bi-orientation
and spindle attachment is monitored by the spindle assembly checkpoint (SAC)
ensuring sister chromatids are attached to opposite poles of the dividing cell prior to
division. If these criteria are not met a mitotic stall occurs, allowing time for the
resolution of any issues prior to cell division (Jia et al., 2013). Anaphase onset is
mediated by the degradation of cyclin B and securin, the latter being a protein that
forms an inhibitory complex with the vital anaphase promoter, separase. This
degradation is executed by a large E3 ubiquitin ligase complex known as the
anaphase promoting complex/cyclosome (APC/C) (Reddy et al., 2007). During
spindle assembly SAC proteins including Mad2, Bub1 and BubR1 concentrate to the
unattached kinetochores. These in turn sequester cdc20, a co-factor required for
APC/C activation. Upon achievement of bi-orientation dynein mediated streaming of
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the SAC proteins from the kinetochore occurs releasing cdc20, triggering activation
of the APC/C, proteolysis of cyclin B and securin and anaphase onset (Musacchio
and Salmon, 2007, Foley and Kapoor, 2013, Varma et al., 2008). Of the SAC
proteins, Mad2 has been identified as having a crucial role in this process, having
been shown to complex with cdc20 at unattached kinetochores inhibiting the
interaction with APC. Mad2 is a member of the mitotic checkpoint complex that is
regarded as the predominant APC/C inhibitor involved in the SAC (Sudakin et al.,
2001). BubR1 is also able to sequester cdc20 (Tang et al., 2001) and it has been
suggested that these proteins act cooperatively to ensure APC/C inhibition and
anaphase onset (Fang, 2002), potentially responding to distinct forms of spindle
damage during mitosis (Skoufias et al., 2001).
Inhibition of TopoIIa activity using the catalytic inhibitor ICRF-193 results in an
extended metaphase which does not coincide with an increase in DNA damage
markers (Skoufias et al., 2004). In the presence of PKCe inhibition or RNAi mediated
gene silencing of PKCe, this response to TopoIIa inhibition was lost. Whilst this delay
has been shown to be independent of several SAC proteins, it has been
demonstrated that when cells are challenged with persistent catenation as a result
of TopoIIa inhibition, BubR1 is retained on kinetochores after bi-orientation is
achieved. BubR1 retention is lost in the absence of PKCe, or on acute PKCe
inhibition, indicating that the PKCe mediated delay may postpone anaphase entry
after SAC has been satisfied by the layering of additional controls upon the SAC,
altering the dynein induced streaming of a sub-set of SAC proteins (Brownlow et al.,
2014).
PKCe is implicated in multiple mechanisms crucial for ensuring the success of
cytokinesis. One of which is mediated by protein-protein interaction within the V3
hinge region of PKCe. A dimer of the scaffold protein 14-3-3 complexes with PKCe.
14-3-3 has been shown to bind several PKC isoforms through interactions within the
C1 domain and to do so in a non-regulated manner. The interaction for PKCe within
the V3 hinge region is, however, isoform-specific and regulated by phosphorylation
of serine residues, S346 and S368, within the hinge sequence. S368 had been
identified by PKCe autophosphorylation-site mapping, and indeed phosphorylation
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of PKCe at this site is increased upon activation with TPA and inhibited with BIM-1
treatment in cells, albeit likely executed in trans by other PKCs (Durgan et al., 2008).
PKCe S346 phosphorylation is indicated to be modulated through the activity of p38
and GSK3 with p38 phosphorylating the nearby S380 site, facilitating S346
phosphorylation by GSK3 (Saurin et al., 2008). Interestingly this 14-3-3 bound PKCe
is able to demonstrate activity independent of DAG or other lipid co-factors in vitro,
supporting the hypothesis that 14-3-3 binding acts as a conformational clamp,
maintaining an active, open conformation without the requirement for second
messenger binding to displace the regulatory domain (Saurin et al., 2008).
The process of abscission follows ordered recruitment of the endosomal sorting
complexes required for transport III (ESCRT III) machinery to the midbody of the
dividing cell. This leads to the constriction of ESCRT-III filaments bringing the
membranes together until scission can occur (Guizetti et al., 2011). When lagging
DNA strands are present in the cleavage furrow the abscission checkpoint is
activated to arrest cells in cytokinesis until the DNA bridges can be resolved (Norden
et al., 2006, Nuno Amaral et al., 2016, Steigemann et al., 2009, Carlton et al., 2012),
a process co-ordinated by the activity of Aurora B kinase, a master regulator of the
cell cycle (Steigemann et al., 2009). Aurora B functions as part of the chromosome
passenger complex (CPC) which contains three non-enzymatic sub-units (survivin,
the inner centromere protein (INCENP), and borealin) which are required for Aurora
B activity, localisation and stability. Aurora B mediates the abscission checkpoint
through an inhibitory mechanism involving the ESCRT-III sub-unit CHMP4C and
borealin preventing the localisation of key abscission complexes to the abscission
zone (Capalbo et al., 2012, Carlton et al., 2012). Aurora B contains two
phosphorylation sites in the activation loop, S227 and T232, which is driven by
autophosphorylation following interaction with inner centromere protein (INCENP)
(Yasui et al., 2004). The occupation of these sites has been shown to be critical for
mediating the abscission checkpoint. Aurora B lacking S227 phosphorylation
(pT232) phosphorylates CHMP4C on S210, which keeps the sub-unit in a closed,
inactive conformation that is unable to polymerise with other members of the ESCRT
III complex, blocking the abscission process. Phosphorylation of Aurora B
(pS227/pT232) results in CHMP4C translocation to the midbody, where it is then able
to polymerise with ESCRT III sub-units to facilitate abscission (Pike et al., 2016). This
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is likely the result of altering the phospho-state of CHMP4C. The gradual loss of
CHMP4C phosphorylation during abscission correlates with translocation of the
protein from the midbody arms to the central region of the midbody (Capalbo et al.,
2016). This is likely mediated through phosphorylation of Borealin S165. Borealin
S165 is preferentially phosphorylated by Aurora B pS227/pT232; blocking
phosphorylation of this site disrupts CHMP4C translocation to the mid-body (Pike et
al., 2016). PKCe has been demonstrated to be involved in this process via the
regulation of Aurora B phosphorylation. PKCe activity is required for Aurora B S227
phosphorylation at the midbody during cytokinesis. In the absence of PKCe activity,
siRNA or acute inhibition, Aurora B pS227 is lost hindering completion of cytokinesis
(Pike et al., 2016).

1.3.2 Modulating PKC activity

Developing pharmacological tools targeting individual isoforms of PKC is inherently
difficult due to the high level of homology between catalytic domains of the family
members (Karaman et al., 2008). There are several approaches that have been
utilised to inhibit PKC function (Mochly-Rosen et al., 2012). ATP-competitive smallmolecule inhibitors can be used to block ATP binding in the active site, thereby
limiting the ability of PKCs to phosphorylate their substrate proteins. Inhibitors that
interfere with PKC binding to the anchoring RACK proteins, or other protein-protein
interactions involved in mediating specific localisation of PKCs, can be used to
compete specific PKC functions by interrupting local tethering of PKCs proximal to
substrate, or failure to translocate the PKC to the appropriate cellular compartment.
(Mochly-Rosen, 1995). These approaches have certain benefits and liabilities.
The nucleotide binding pocket is an excellent site to design effective small molecule
inhibitors that inhibit through ATP competition. High-throughput screening and in
silico approaches have generated a wealth of ATP-competitive small-molecules that
target PKC (Roffey et al., 2009). Many of these are highly potent but owing to the
homology of the kinase domain ATP-binding pocket of kinases, selectivity of the
inhibitors for certain isoforms and PKCs in general is a major limitation with this
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approach. The best characterised ATP-competitive small-molecule inhibitors are the
bisindolymaleimides, typified by staurosporine. Staurosporine is a highly potent
kinase inhibitor, but it is highly non-selective with the inhibitory effects extending to
a wide range of serine/threonine kinases across the kinome (Wilkinson et al., 1993,
Karaman et al., 2008). This parent compound has been further refined to obtain a
higher level of specificity for individual kinases, for example BIM-1 (Gö6850) (Toullec
et al., 1991) has been shown to display a specificity for inhibiting PKCa, PKC𝛽, PKC𝛿
and PKCe. Unrelated compounds have also been developed, notably, Blu577
(compound 18 in the following study (van Eis et al., 2011)) demonstrates a greater
than 10-fold selectivity for inhibition of PKCe and PKC𝜂 over the other PKC isoforms.
These compounds do however demonstrate some level of specificity for kinases
outside of the PKC family and as a result may have undesired off target effects
(Toullec et al., 1991, van Eis et al., 2011). The use of non-ATP competitive inhibitors
can overcome the issue of the highly conserved nature of PKC kinase domains.
These inhibitors interact with sites distal to the ATP binding pocket, often acting by
altering the structural conformation of the target kinase impeding function (Wu,
2010).
Binding site prediction has been utilised to generate inhibitory short-peptides to block
protein-protein interaction of PKCs and anchoring and adaptor proteins. As this
approach focuses on regions of the more divergent regulatory domain of the kinases,
homology is less of a problem but still a concern. Peptide-inhibitors of PKCe have
been able to block interaction of PKCe and HSP90 as well as abolish the protective
effect of PKCe in ischaemic preconditioning in cardiomyocytes, indicating the
potential of this approach (Budas GR et al., 2010). However, PKCe inhibitors, ATPcompetitive or protein-protein interaction targeting compounds, have had minimal
success in the clinic setting (Toton et al., 2011). PKCe function could also be
disrupted by inhibition of specific substrate protein, and with increasing evidence of
post-translational modification of PKCs being vital for specific roles inhibition of these
downstream processes, could offer a potential tool to inhibit specific functions of
PKCs.
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An alternative approach, termed “chemical genetic” inhibition, pioneered by the
Shokat laboratory has allowed for more specific targeting of PKC isoforms in
biochemical and cell biological context (Bishop et al., 2000). Many protein kinases
that have a bulky, “closed” gate-keeper residue (such as methionine), in these
protein kinases mutation of the gate-keeper residue for a less bulky amino-acid can
allow for specific inhibition. For example in PKCe combined expression of the
gatekeeper mutant, M486A, and the specific inhibitor NaPP1, has allowed for
dissection of isoform-specific behaviour (Qi et al., 2007, Cameron et al., 2009).

1.3.3 PKCe and cancer

PKCe activity has been frequently associated with a range of pathologies. Increased
activation of the kinase has been described to drive both protective and disease
programmes under specific cellular circumstances. PKCe hyperactivity is often
associated with negative prognosis in cancer (Huang et al., 2011). PKCe is frequently
dysregulated in cancers. The oncogenic effect can be variable based upon tumour
type and cellular context, but PKCe has been classified as an oncogene (Gorin and
Pan, 2009). Over-expression of PKCe is found in numerous cancer types including
colon, breast, stomach, prostate, thyroid and lung cancer pathologies (Perletti et al.,
1996, Pan Q et al., 2005, Philip Cornford et al., 1999, Bae et al., 2007, Knauf et al.,
1999, Baxter et al., 1992). Mischak et al, demonstrated that. injection of mice with
NIH-3T3 cells that overexpressed PKCe resulted in the development of tumours in
nude mice with a 100% incidence rate. They also demonstrated that over-expression
of PKCe increased the proliferation rate in these NIH 3T3 fibroblast cells, as well as
increasing anchorage-independent growth (Mischak et al., 1993). This study
provided early evidence that PKCe was both a transforming and tumourigenic kinase.
Since this study, several pieces of work have added further evidence of these
oncogenic effects of PKCe with PKCe expression being suggested to play a causal
role in the development of aggressive, invasive phenotypes (Gorin and Pan, 2009).
Elevated PKCe levels are often associated with poor prognosis with a decrease in
overall and tumour free survival rates, and PKCe expression levels frequently
correlate with tumour grade (Varga et al., 2004, Huang et al., 2011).
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The oncogenic effects of PKCe are likely linked to the role of the kinase in cellular
processes such as proliferation, motility and evasion of apoptosis, all of which are
well documented hallmarks of oncogenic progression (Hanahan and Weinburg,
2000). A study by Cacacse et al reported that PKCe overexpressing cell lines
demonstrated hyper-phosphorylation of Raf-1 and a resultant increase in MAPK
activity (Cacace AM et al., 1996). The involvement of PKCe over-expression in
driving the Ras/Raf/MEK/ERK cascade via interaction with Raf has been further
verified (Ueffing M et al., 1997, Perletti GP et al., 1998), and has been shown to
affect Akt/PKB activity (Lu D et al., 2006). Both of these pathways have well
documented roles in pro-proliferative responses in oncogenesis. PKCe overexpression is also correlated with a highly motile, invasive phenotype, which is
controlled in part by the interaction of PKCe with Rho GTPases. RNAi mediated gene
silencing of PKCe has been shown to be sufficient to impair the motility of cancer
cells in culture (Pan Q et al., 2006, Pan Q et al., 2005). As well as supporting
increased growth and motility, PKCe activity is implicated in the evasion of
programmed cell death; this pro-survival role functions through the modulation of key
proteins in the apoptotic response including caspase and Bcl-2 (Li Ding et al., 2002,
McJilton MA et al., 2003). The important role in driving disease makes kinases,
including the PKC family, an attractive target for therapeutic intervention.
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1.4 Generation and resolution of DNA catenation

1.4.1 DNA replication and constraints
The DNA within each cell contains all of the necessary information required to
develop and maintain a functioning organism. This information is stored in a double
helical structure, originally described by Watson and Crick (Watson and Crick, 1953).
In this structure, complementary DNA strands are held together by hydrogen bonds
and wrapped around a common axis. During the process of cell division, it is
fundamental that a precise copy of this information is generated. This allows for a
copy of the genome to be inherited by both resultant daughter cells. For DNA
replication to occur it is crucial that protein complexes involved in the replication
process are able to gain access to individual strands of DNA, which act as templates.
As a feature of this double helical structure of DNA, for replication to occur the DNA
must undergo dramatic structural changes in order to unwind and then separate the
complementary strands. These processes place a large amount of topological strain
on the DNA. Whilst this may be obvious in the case of closed circular DNA found in
plasmids and viruses, the topological problems associated with DNA unwinding in
these small fixed loops can also be extrapolated to linear chromosomes. This is
owing to the fact that across all living organisms the DNA, irrespective of length or
shape, is sorted into multiple fixed domains or compartments as a result of the
constraints imposed by associated proteins or nuclear tethering, effectively limiting
free rotation of the DNA (Mirkin, 2001).
Within these closed topological regions, the degree to which the DNA is wound
remains consistent unless breakages are introduced. As a result, when DNA is
unwound (negatively supercoiled) to allow for replication there is a requirement for a
compensatory reaction of over-winding (positive supercoiling) ahead of the
replication fork (Schvartzman et al., 2013). A continuous build-up of positive
supercoiling ahead of the replication fork would eventually lead to a stall in replication
progression, leading to gross DNA damage. To avoid this the topological strain
generated by negative supercoiling can be dispersed into the region of newly
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replicated DNA. This occurs as a result of twisting of the replication fork resulting in
the formation of pre-catenenes, or crossing over of the sister strands (Cebrián et al.,
2015, Peter et al., 1998) (Figure 1.4).

Figure 1.4 DNA topology of DNA during replication

The DNA undergoes major topological reorganisation during replication, owing to a
requirement for unwinding and separation of the DNA double helix to allow replication
machinery access. This causes topological strain that must be dispersed to avoid
DNA damage, as a result positive supercoiling forms ahead of the replication fork
and catenation (indicated by asterisk) forms in the region of newly replicated DNA.
Positive supercoiling can be resolved by type I and type II topoisomerases.
Catenation is exclusively resolved by type II topoisomerase.
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1.4.2 Resolution of catenation - Topoisomerase
Whilst formation of pre-catenenes provides a useful solution to dealing with
replication-induced topological stress, upon completion of replication they result in a
physical interlinking of the sister chromatids known as catenation. This becomes
problematic when the cell comes to divide. Connected in this manner the sisters are
unable to separate between daughter cells. As such, it is vital that catenation is
removed prior to cell division to avoid errors in non-disjunction and aneuploidy.
Resolution of both positive supercoiling and catenation, as well as their formation, is
mediated by the enzyme family of topoisomerases.
There are 5 members of the human topoisomerase family which are grouped into 2
types based on the number of DNA strands cut per reaction. Type I topoisomerases
introduce single strand breaks into the DNA. The majority of type I topoisomerases
resolve DNA topology using ATP independent cycle of cleavage and re-ligation
(Pommier et al., 2016). Transient single strand breaks are introduced into one strand
of the DNA segment, the chemical bond is repaired following controlled rotation or
passage of the second strand through the break, removing one DNA supercoil at a
time (Stivers et al., 1997). The type II topoisomerases modify the topology of DNA in
an ATP dependant manner by introducing DNA double strand breaks.
DNA positive supercoiling can be resolved by both type I and type II topoisomerases.
However, DNA catenation is exclusively resolved by type II topoisomerase owing to
the necessity for double strand break induction for resolution (Wang, 2002). There
are two type II topoisomerase enzymes in humans; topoisomerase II𝛼 (TopoIIa) and
topoisomerase II𝛽 (TopoII𝛽), these share extensive sequence similarity but are
differentially regulated and involved in diverse cellular processes. TopoIIa being
implicated in crucial roles in maintenance and regulation of chromosome structure
and TopoII𝛽 has roles in neuronal development (Woessner et al., 1991, Isik et al.,
2015). TopoII𝛽 is expressed in quiescent cells in almost all tissues and throughout
the whole cell cycle, it has been shown that TopoII𝛽 is dispensable for cell survival
(Turley et al., 1997). TopoIIa demonstrates a pattern of cell-cycle regulated
expression with (protein) levels peaking in G2/M phase (Heck et al., 1988, Turley et
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al., 1997). The essential nature of this enzyme is demonstrated as a result of
TopoIIα-/- genotype being embryonic lethal (Akimitsu et al., 2003). Both isoforms of
TopoII are mobile within the cell but TopoIIa has been demonstrated to be more
tightly associated with chromatin, and topoIIa has been observed at the centromeres
in mitotic cells (Woessner et al., 1991, Spence et al., 2007). Whilst TopoII𝛽 is not
fully excluded from mitotic chromosomes, there is very little chromosome association
observed with this isoform in mitotic cells (Morten O. Christensen et al., 2002),
supporting the differential influence upon cell-cycle related processes.
The mechanism by which TopoII resolves catenation is known as the strand passage
reaction (SPR) and a large body of work has been directed at understanding how it
is achieved (Deweese and Osheroff, 2009, Chen et al., 2013). Using a combination
of crystal structure analysis and functional assays there is now a detailed model of
the SPR. TopoII acts as a homodimer to drive the passage of one double stranded
DNA molecule thorough a transient double strand break in a second DNA strand.
The catalytic activity of TopoII from initial DNA binding to expulsion of the DNA
strands from the enzyme is described below. This model is based on studying TopoII
from yeast.

1.4.3 The strand passage reaction

The first step of the SPR is the recruitment of the first DNA strand termed the gate
or G-segment (step 1, figure 1.5). Biochemical and structural studies have shown
that this step involves drastic remodelling of both the G-segment and the TopoII
enzyme itself. The G-segment is captured by a positively charged groove within the
DNA-gate and as it is drawn into the catalytic core of the protein the DNA segment
bends, adopting an angle of around 150°. This has been shown to be a critical stage
in the SPR as mutation of a crucial isoleucine reside (Ile172), necessary for DNA
bending without impacting ability to bind DNA, disrupts the enzymes ability to cleave
G-segment DNA and relax supercoils (Lee et al., 2013). In response to DNA binding,
TopoII undergoes a conformational change which brings the TOPRIM metal binding
region and winged-helix domains (WHDs) together producing a cleavage interface
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within which catalytic tyrosine residues are positioned to promote G-segment
cleavage (Dong and Berger, 2007). These observations may also provide insight into
how TopoIIa shows a preferential binding for regions of distorted DNA. The enzyme
lacks any overt sequence specificity and the importance of DNA bending for function
may predispose TopoIIa to binding of catenated DNA which has an intrinsically
higher degree of deformity than relaxed DNA (Dong and Berger, 2007, Baxter J et
al., 2011).
The next stage of the process is the passage of a second strand, or transport
segment (T-segment) of DNA through the transient break in the G-segment. Data
from the study conducted by Roca and Wang (Roca and Wang, 1992) investigated
the role of ATP binding in the manipulation of DNA, in particular relating to T-segment
transition through the DNA gate. Experiments using a non-hydrolysable analogue of
ATP, AMP-PNP, demonstrated that binding generates a further round of
conformational change within the enzyme. When ATP binds to the enzyme it triggers
N-terminal dimerization closing the N-gate resulting in the formation of a circular
clamp (step 2, figure 1.5). When TopoIIa was pre-incubated with AMP-PNP circular
DNA was no longer able to bind yet linear DNA retained binding ability. Circularizing
could not disrupt association with linear DNA once bound. This is indicative of a
topological constraint enforced by the enzyme clamping into a closed conformation
containing a hollow region able to hold a DNA strand. The group used this
observation to present a model whereby in the absence of ATP the N-gate is in an
open conformation allowing for the binding of the G-segment. Upon ATP binding this
N-gate is shut, the process then has the potential to trap a second DNA duplex
forcing it through the DNA gate and the transient break in the G-segment (step 2 and
3, figure 1.5).
In further studies utilizing the non-hydrolyzable ATP analogue, AMP-PNP, it was
found that whilst the G-segment was retained bound to the enzyme, the T-segment
was released into solution. As the AMP-PNP binding is irreversible the N-gate
remains closed, this supported the idea that SPR could work as a “two gate”
mechanism in which the T-segment is released from a region present in the Cterminal region of TopoIIa. The validity of this mechanism was corroborated by data
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showing that by introducing disulfide links to crosslink the C-terminal dimer interface
T-segment release from the enzyme could be disrupted. T-segment release could
be rescued by reduction of the disulfide bonds (Roca et al., 1996) This mechanism
supports structural data indicating the transition of T-segment leads to constriction
of the central hole created by ATP binding resulting in destabilization of the Cterminal interface (Berger et al., 1996). A schematic of the strand passage reaction
can be seen in figure 1.5.

Figure 1.5 The strand passage reaction

The catalytic activity of TopoII can be broken down into several discreet stages.
TopoII binds to the DNA (step 1) and binding of two-ATP molecules then leads to
closure of the N-terminal region of the enzyme (step 2). A double strand break is
introduced into the G-segment of the DNA (step 3). Hydrolysis of one of the ATP
molecules triggers the passage of the T-segment DNA through the region of the
double strand break, which is immediately followed by G-segment re-ligation (step
4). Hydrolysis of the second ATP molecule then releases topoII from the DNA (step
5). The N-terminal domains then dissociate allowing re-entry into the catalytic cycle.
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The region of TopoIIa from residue1,243 to the C terminus is known as the Cterminal domain (CTD). The CTD of TopoIIa is dispensable for catalytic activity of
the enzyme (Dickey and Neil, 2005). It has however been shown that TopoIIa CTD
is required for faithful segregation of the DNA across both yeast and human models.
TopoIIa CTD contains a nuclear localisation sequence and has been shown to be
crucial for both targeting nuclear localisation and for driving high affinity binding of
the DNA (Mirski et al., 1997). The CTD of TopoIIa has been further implicated in
mediating conformation-driven signalling controlling the metaphase-anaphase
transition (Jensen et al., 1996, Edgerton et al., 2016, Lane et al., 2013, Furniss et
al., 2013).
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1.5 Topoisomerase II in therapy

Elevated levels of TopoII have been found in various cancers and TopoII is an
important target for cancer therapies. This has led to the development of a diverse
family of drugs targeting TopoIIa aimed at blocking SPR. The mechanism of action
of these drugs allows them to be split into two categories, TopoII poisons and TopoII
inhibitors. Etoposide, doxorubicin and mitoxiaritone are amongst the most effective
and widely used TopoII-targeting anti-cancer drugs, these are categorised as TopoII
poisons. The TopoII poisons work as interfacial inhibitors, trapping the TopoII
cleavage complex, forming a quaternary complex between the drug molecule, TopoII
and the DNA. This traps the covalent, enzyme-cleaved DNA complex that is normally
a transient intermediate of the SPR cycle (Pommier and Marchand, 2011). The
activity of the TopoII poisons effectively inhibit the relegation of the cleaved DNA
strand generating DNA damage in the form of double strand breaks (DSB).
Accumulation of these DSBs is toxic to cells resulting in the engagement of death
programmes (Kerrigan D et al., 1987, Howard et al., 1994). These DSBs can also
drive recombination events that can be detrimental to the patient, with etoposide
being associated with an increased risk in secondary leukaemias and in particular to
translocation of the mixed lineage leukaemia (MLL) gene locus (Stanulla M et al.,
1997, Ezoe, 2012).
The second family of TopoII targeting drugs, TopoII inhibitors, function by inhibiting
the catalytic activity of TopoII and function as therapeutics by depriving the cells of
the essential functions of TopoII (Fortune and Osheroff, 2000). There are several
distinct mechanisms of action within this family. TopoII inhibitors such as aclarubicin
inhibit TopoII activity by preventing TopoII binding to DNA, blocking the access to
substrate. Aclarubicin has also been demonstrated to inhibit TopoI (Sehested and
Jensen, 1996). The TopoII inhibitor novobiocin inhibits TopoII activity after the DNA
binding step of SPR. It functions by inhibiting ATP binding, inhibiting the generation
of the double strand break characteristic of TopoII enzymes. As a result,
decatenation ability is blocked (Perrin et al., 1998). Both of these categories of TopoII
inhibitor act antagonistically against TopoII poisons. The SPR can also be inhibited
post relegation of the DNA. The dioxopiperazine derivatives, typified by ICRF-193
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(meso-4,4-(2,3-butanediyl)-bis(2,6piperazinedione)

function

by

blocking

ATP

hydrolysis, an important step in releasing the DNA strands from TopoII (Roca et al.,
1994). This creates a ‘closed-clamp’ conformation with TopoII fixed on the DNA.
ICRF-193 has been demonstrated to not only show specificity between the TopoI
and TopoII families but also a 10-fold increase in specificity for the TopoIIa over the
TopoII𝛽 isoform (Tanabe et al., 1991). It has, however, been indicated that ICRF193 may disrupt TopoII𝛽 activity in some studies, which may be a factor of ICRF-193
treatment leading to degradation of topoII𝛽 in certain cell lines (Kozuki et al., 2017,
Bower et al., 2010, Huang et al., 2001). The mechanism of action of these inhibitors
are demonstrated in figure 1.6.

Figure 1.6 TopoII inhibition

Schematic demonstrating the specific stage of the TopoII catalytic cycle disrupted by
various inhibitors. Aclarubicin inhibits the binding of TopoII to the DNA. The ATPanalogue novobiocin inhibits N-terminal closure. The TopoII poisons etoposide,
doxorubicin and mitociaritone prevent re-ligation of the double strand break in the Gsegment. Bisdioxopiperazines such as ICRF-193 prevent release of TopoIIa from
the DNA, trapping it as a closed clamp.
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These drugs have been used in the clinic in anti-cancer roles, often in combination
with other agents, but also have a more diverse repertoire of clinical functions. For
example, ICRF-187 has been shown to have cardio-protective effects in doxorubicin
treated patients (Jensen et al., 2004). Treatment with TopoII inhibitors does not result
in the gross DNA damage associated with TopoII poisons, but some DNA damage
is still observed, this may be as a result of S-phase damage due to the loss of function
of TopoII during replication (Fortune and Osheroff, 2000).
Whilst there is conflicting evidence both in relation to DNA damage and isoform
specificity of ICRF-193(Huang et al., 2001, Jensen et al., 2004, Ishida et al., 1991,
Perrin et al., 1998). Owing to the selectivity towards TopoII and the lack of increased
DNA damage observed in previous studies using ICRF-193 to study cell cycle
regulation (Skoufias et al., 2001(Deiss, Parker, unpublished)), ICRF-193 was used
throughout this thesis to study the effect of TopoIIa loss upon the regulation of cell
cycle.
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1.6 Topoisomerase IIa and cell cycle regulation

The ability for cells to undergo division is vital for both the development and
maintenance of the adult organism. During this process it is crucial that the newly
replicated sister chromosomes are completely and equally segregated to maintain
genetic integrity of the ensuing generations of cells (Lacroix and Maddox, 2012). If
errors occur during chromosome segregation it can lead to chromosome breaks and
non-disjunction resulting in structural aberrations and aneuploidy, a phenotype that
is commonly found in human tumours and is linked to tumorigenesis (Kops et al.,
2005, Weaver and Cleveland, 2006). As such, transition through each phase of the
cell cycle is tightly regulated. Regulation comes in the form of checkpoints, which act
as a surveillance mechanism to ensure certain criteria are met before allowing the
cell to continue into subsequent stages of the cycle. As failures to fully decatenate
DNA prior to cell division can negatively impact the separation of the nuclear contents
this process is also tightly monitored. There have been distinct points throughout the
cell cycle where errors in the decatenation process have been demonstrated to
evoke cell cycle responses.

1.6.1 Topoisomerase IIa and the G2 checkpoint

The first, and best characterised, of these TopoIIa dependent regulatory responses
is observed at the G2 checkpoint. The G2 checkpoint functions to ensure that DNA
damage acquired during the previous division and subsequent DNA replication is
resolved prior to mitotic entry. Progression of the cell cycle into the mitotic phase is
driven by association of cyclin B1 and cyclin dependent kinase 1 (CDK1) (Hunt,
1989, Nurse, 1990). The association of cyclin B1, coupled with removal of the
inhibitory phosphorylation of Y15 by cdc25, generates an active complex, when the
threshold for this active complex is reached cells will irreversibly enter into the mitotic
phase of the cell cycle (Sadhu K et al., 1990).
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The detection of DNA damage evokes a cell cycle inhibitory pathway in order to stall
mitotic entry until DNA damage present can be repaired. The first of these involves
the activity of ATM (ataxia telangiectasia mutated kinase) and ATR (ataxia
telangiectasia and Rad-3-related kinase). These kinases activate Chk1/Chk2, which
in turn mediate the degradation of the CDK1 activator cdc25 (Matsuoka et al., 1998,
Liu et al., 2000). A p53 mediated pathway is also triggered by the presence of DNA
damage (Taylor and Stark, 2001). p53 regulates transcriptional programmes which
led to the induction of various cell cycle inhibitors, including p21, which bind directly
to the cyclin B1/CDK1 complex to inhibit activity (Li et al., 1994), GADD45, which
mediates cyclin B1/CDK1 complex dissociation (Jin et al., 2002), and 14-3-3𝜎, which
functions to sequester CDK1 in the cytoplasm (Hermeking et al., 1997). These
responses operate to maintain cyclin B1/CDK1 complex activity below threshold,
blocking mitotic entry until DNA damage is resolved (Reinhardt et al., 2007, Taylor
and Stark, 2001).
A secondary checkpoint present at the G2/M transition has also been described.
Treatment of cells with the topoisomerase inhibitor ICRF-193 causes an arrest prior
to mitotic entry, which is bypassed in cells lacking TopoIIa. The G2/M decatenation
checkpoint is monitored by ATR but this arrest is distinct from the DNA damage
response (Deming et al., 2001, Damelin and Bestor, 2007)., It is widely accepted that
this response is a function of persistent catenation and that the delay operates to
prevent cells entering mitosis with an excess of physical connections between the
sister chromatids. Whilst there are lingering concerns regarding the relationship
between ICRF-193 and DNA damage, recent work from the laboratory has confirmed
that this checkpoint functions independently of the DNA damage checkpoint, and
that it is induced separately from the G2 arrest generated by treatment with
bleomycin and 𝛾-irradiation. Etoposide, which has been described to both inhibit
TopoII and cause DNA damage has been shown to evoke both G2 DNA damage
and catenation arrest, whereas the catalytic inhibitor ICRF-193 only triggers
activation of the G2 catenation response (Deiss, Parker, unpublished). The G2
checkpoint has been demonstrated to be a robust response in normal cell lineages,
with ICRF-193 treatment effectively blocking mitotic entry. However, it has been
observed that in a number of cancer-derived cell lines this checkpoint is often
compromised (Brooks et al., 2014, Doherty et al., 2003, Nakagawa et al.,
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2004)(Deiss, Parker, unpublished). In these cells TopoIIa inhibition fails to block
entry into mitosis. The function of the G2 catenation and DNA damage checkpoints
in these cells were not co-dependent as several lines lacking a functional G2
catenation checkpoint maintained an operational DNA damage response.
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1.6.2 Topoisomerase IIa and mitotic regulation

In conditions where the G2 catenation checkpoint is compromised, a secondary
‘failsafe’ response has been observed at the metaphase-anaphase transition. This
manifests as a metaphase stall, delaying anaphase onset to allow time for the
resolution of catenation prior to separation of the sister chromatids. If DNA catenation
persists through anaphase onset it can manifest as gross segregational defects
leading to chromosome non-disjunction and aneuploidy.
The mechanism by which this regulatory process is mediated is poorly characterized
(Skoufias et al., 2004). Recent work from Furniss et al. has proposed a direct role for
TopoII in the engagement of this mitotic checkpoint, requiring the involvement of the
non-catalytic C-terminal domain of the enzyme (Furniss et al., 2013). This study
aimed to determine whether this was an indirect result of chromatin deformity or
rather a novel signalling mechanism acting upon the cell cycle. The data presented
dismisses the hypothesis that cell cycle delay is a result of a physical constraint
imposed by the topology of the DNA, as the presence of hyper-catenation alone did
not delay anaphase onset. In contrast, they present a system where T-segment
transition efficiency can be reported to the cell via the C-terminal domain of the TopoII
enzyme, potentially as a result of the structural remodelling that occurs during Tsegment transit. As such the catalytic cycling of the enzyme is directly monitored by
checkpoint machinery. As this study is in yeast it may not correlate to behaviours in
mammalian cells as the C-terminal region of TopoII is highly divergent between the
two species and the cell cycle is differently arranged but it provides insight into a
novel mechanism for checkpoint triggering. Previously described work from the
laboratory has shown that PKCe activity is essential for the engagement of this
metaphase-anaphase delay (Brownlow et al., 2014) but little information is known
about how PKCe is engaged in this process or the mechanisms involved in
generating the metaphase stall. For the purposes of this thesis this metaphase stall
will be referred to as the TopoIIa mediated metaphase response.
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1.7 Aims and objectives

The work detailed in this thesis is centred on developing a greater understanding of
the role of PKCe in the response to failures in the decatenation process, particularly
in relation to the involvement of the kinase in triggering the TopoIIa mediated
metaphase response. Whilst it has been shown that PKCe is involved at the cell cycle
response, little is known about the events mediating this process and how this
typically membrane associated kinase is involved in the response to DNA topology
in mitotic cells.
The aim of this thesis is to develop an understanding of the signal relay between
PKCe and unresolved catenation at the metaphase-anaphase transition and develop
and test a mechanistic model of how this triggers activation of the TopoIIa mediated
metaphase delay. Developing an understanding of the mechanisms by which the cell
detects and responds to persistent catenation will increase knowledge of cell division
control at the critical juncture of mitosis when the sister chromatids commit to
separation.
Objectives:
1. Investigate changes in modification or localisation of PKCe in mitosis
2. Assess the relevance of any observed modifications or localisation behaviours
upon the TopoIIa mediated metaphase delay.
3. Identify downstream targets of PKCe in the engagement of the TopoIIa mediated
metaphase response.
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Chapter 2.

Materials & Methods

2.1 Materials
2.1.1 Plastic and glassware
All tissue culture flasks, 24-well, 12-well and 6-well plates. 10 cm and 15 cm dishes
were sourced from Corning. Live cell assays were cultured in Lab-Tek® 8-chamber
borosilicate chamber slides (#155411). PLA assays were cultured in Falcon 8chamber polystyrene vessels, with tissue culture treated glass slides (#354108). For
immunofluorescence, cells were cultured on 13mm no.1.5 coverslips (Fisher
Scientific, 11588492).

2.1.2 Reagents
Unless otherwise stated, all chemicals were purchased from Sigma.
A list of commonly used buffers and solutions can be found in Table 2.1. A list of
antibodies, dyes, and staining reagents can be found in Table 2.2. and 2.3.

49

Chapter 2 Materials and Methods

Table 2.1 Buffers and solutions
Solution

Composition

PBS (pH 7.4)

137mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4, 1.47mM KH2PO4

TBS (pH 7.4)

50mM Tris, 150mM NaCl

Western blot transfer buffer

25mM Tris, 192mM glycine, 0-10% methanol

Western blot washing buffer

50mM Tris, 150mM NaCl, 0.05% Tween 20

(TBST)
Western blot blocking buffer

TBST containing 3%BSA

Western blot antibody buffer

TBST containing 1% BSA

Stripping buffer

25mM Glycine (pH2.0), 1% SDS

Antibody blocking solution (IF)

PBS containing 3% BSA, 0.1% Trion X-100

Wash buffer (IF)

PBS containing 0.05% Triton X-100

L-Broth

10g/L Bacto-Typtone, 5g/L Yeast extract,10g/L NaCl

L-Broth agar

10g/L Bacto-Typtone, 5g/L Yeast extract,10g/L NaCl, 15g/L agar

Triton X-100 lysis buffer

1% Triton X-100, 150mM NaCl, 50mM Tris pH 7.5

RIPA buffer

50mM Tris (pH8), 150mM NaCl, 1% NP40, 0.5% Na
deoxycholate, 0.1% SDS

Kinase assay buffer (5X)

20mM Tris, 5mM MgCl2, 0.5mM DTT

Kinase dilution buffer

20mM Tris, 5mM MgCl2

TAE (50X)

2M Tris acetate, 50mM EDTA

PTEMF buffer

4% paraformaldeyhyde, 0.2 % Triton X-100, 20mM PIPES
pH6.8, 10mM EGTA and 1mM MgCl2
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Table 2.2 Primary antibodies
Antibody

Supplier

Ref. number

Species

Application/dilution

a-Tubulin

Sigma

T5168

Mouse

1/1000 WB, 1/500 IF

PKCe (C-terminal)

Santa Cruz

Sc-214

Rabbit

1/1000 WB

PKCe phospho-S729

Abcam

ab63387

Rabbit

1/1000 WB

PKCe phospho-T566

In house

-

Rabbit

1/500 WB

PKCe phospho-T710

In house

-

Rabbit

1/500 WB

AIM-1 (Aurora B)

BD Biosciences

611082

Mouse

1/1000 WB, 1/300 IF

Aurora B phospho-

Origene

TA319253

Rabbit

1/500 WB

TopoIIa

Abcam

52934

Rabbit

1/300 IF

Caspase-3

Millipore

AB1899

Rabbit

1/500 WB

Caspase-7

BD Biosciences

551238

Mouse

1/1000 WB

Cleaved PARP

Cell Signaling

9541

Rabbit

1/500 WB

Abnova

H00054821-

Rabbit

1/300 IF

Primary antibodies

T232

(Asp241)
ERCC6L (PICH)

D01
a-tubulin

In house

-

Mouse

1/1000 WB, 1/500 IF

GAPDH

Millipore

MAB374

Mouse

1/5000 WB

Histone H3

Cell Signaling

9715S

Rabbit

1/2000 WB

Phospho-H3 (S10)

Cell Signaling

9701S

Rabbit

1/1000 WB

GFP (WB)

In house

-

Mouse

1/1000 IF

GFP (IP)

In house

-

Mouse

5 mg/mL IP

Aurora B phospho-

In house

-

Rabbit

1/500 WB, 1/200 IF

TopoIIa phospho-S29

In house

-

Rabbit

1/500 WB, 1/200 IF

TopoIIa phospho-

In house

-

Rabbit

1/500 WB, 1/200 IF

A22283

-

1/1000 IF

S227

T1460
Fluorophore conjugated antibody
Alexa Fluor® 546

Invitrogen

Phalloidin
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Table 2.3 Secondary antibodies
Antibody

Supplier

Ref.

Species

Application/dilution

number
ECL anti-mouse IgG

GE Healthcare

LNA921V

Mouse

1/5000 WB

GE Healthcare

LNA934V

Rabbit

1/5000 WB

Anti-mouseAlexa Fluor®

Life

A21202

Mouse

1/1000 IF

488

Technologies

Anti-rabbit Alexa Fluor®

Life

A21206

Rabbit

1/1000 IF

488

Technologies

Anti-mouse Alexa

Life

A31570

Mouse

1/1000 IF

Fluor® 555

Technologies

Anti-rabbit Alexa Fluor®

Life

A21428

Rabbit

1/1000 IF

555

Technologies

Anti-mouse Alexa

Life

A21235

Mouse

1/1000 IF

Fluor® 645

Technologies

Anti-rabbit Alexa Fluor®

Life

A31573

Rabbit

1/1000 IF

645

Technologies

HRP-linked
ECL anti-rabbit IgG
HRP-linked

Table 2.4 cDNA plasmids
Protein

Vector

Tag

Bacterial

Selectable

resistance

marker

PKCe M486A

pcDNA5/FRT/TO

EGFP

Ampicillin

Hygromycin B

Aurora B

pcDNA5/FRT/TO

EGFP

Ampicillin

Hygromycin B

TopoIIa

pcDNA5/FRT/TO

EGFP

Ampicillin

Hygromycin B

Histone H2B

pmCherry-C1

mCherry

Kanomycin

Puromycin

sTEVp *

pBudCE4.1

-

Zeocin

Zeocin

* A kind gift from Henry L. Phul III, Ikeda laboratory, National Institute on Alcohol
Abuse and Alcoholism (Williams et al., 2009).
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Table 2.5 Inhibitors
Drug
Nocodazole

Target
Cytoskeleton/microtubule

Supplier

Reference

Working

no.

concentration

Sigma

M1404

500 nM

polymerisation
RO-3306

CDK1

Tocris

4181

9 µM

Thymidine

DNA synthesis

Sigma

T9250

3 mM

STLC

Eg5

Sigma

164739

1 µM

Taxol

Tubulin/microtubule

Sigma

T7191

500 nM

depolymeraisation
ICRF-193

TopoIIa

Sigma

I4659

1 µM

Blu577*

nPKC

-

-

500 nM

BIM-1

PKC

Sigma

B4310

500 nM

GSK481**

PKCe

-

-

1 µM

NaPP1

Gatekeeper-mutant

Calbiochem

529579

1 µM

kinases (ATP analogue)
ZM447439

Aurora B

Tocris

2458

1 µM

PD 15060

Calpain

Sigma

D5946

0.1-10 µM

Z-VAD-FMK

Caspase family members

Calbiochem

627610

10 µM

Z-DEVD-FMK

Caspase-3/7

Calbiochem

264155

10 µM

Z-LEHD-FMK

Caspase-9

Calbiochem

218761

10 µM

Doxorubicin

TopoIIa

Calbiochem

324380

500 nM

*BLU577 was kindly provided by Dr Jon Roffey, Cancer Research Technology,
UK.
**GSK481 was kindly provided by David Powell, GlaxoSmithKline (GSK), UK.
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2.2 Methods
2.2.1 Tissue culture
DLD-1, hTERT RPE-1, A549, and HEK 293 cells were obtained from CRICK cell
services. HeLa cells were obtained from the ATCC. The tetracycline-inducible DLD1 cell line was a kind gift from Prof. Stephen Taylor. PKCe-/- MEFs were generated
in the laboratory. Stocks were maintained in 90% FBS, 10% DMSO in liquid N2. Cell
lines were routinely tested for mycoplasma by CRICK cell services.
hTERT RPE-1 were cultured in RPMI (Gibco) + 10% fetal calf serum (Gibco) + 1%
penicillin/streptomycin (Gibco) + Non-essential amino acids (Gibco). All other cell
lines were cultured at 37°C, 10% CO2, in DMEM (Gibco) + 10% fetal calf serum +
1% penicillin/streptomycin (Gibco). When cells reached 80-90% confluency media
was aspirated and cells were washed with PBS (Gibco). PBS was removed and
Trypsin-EDTA (0.25%) (Gibco) was applied, cells were incubated at 37°C for
approximately five minutes until the cells detached. Cells were re-suspended in
culture media and sub-cultured, typically 1/5.
For experiments the cell number/concentration was determined using Vi-CELL™
(Beckman Coulter), and cells were plated at the quantities per well indicated in table
2.6.
Table 2.6 Cell plating numbers

Plate
10 cm dish
6-well

24-well

Experiment
length (hour)

Cells/well

Total volume (mL)

24

2x106

5

48

1x10

6

5

24

2x10

5

2

48

1x105

2

24

5x104

0.5

48

2x10

4

0.5

1x10

4

0.5

2x10

4

0.5

1x10

4

0.5

72
8-well chamber slide 24
48
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Table 2.7 Cell line information
Cell line

Organism

Tissue

Disease

Morphology

G2 catenation
checkpoint
competence

DLD-1

Human

Colon

Dukes' type C,
colorectal
adenocarcinoma

Epithelial

Compromised

HeLa

Human

Cervix

Adenocarcinoma

Epithelial

Compromised

HEK-293

Human

Embryonic
kidney

-

hTERT RPE-1

Human

Retina

-

Epithelial

Competent

A549

Human

Lung

Carcinoma

Epithelial

Competent

Mouse

Embryo

-

Fibroblast

Untested

-/-

PKCe MEFs
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2.2.2 Plasmid preparation

Top-10 competent E. coli bacteria (Life Technologies) were transformed with
cDNA via heat shock. 0.5 µl of plasmid DNA was added to 50 µl of bacteria and
incubated on ice for 30 minutes, the bacteria were then heat-shocked at 42°C for
45 seconds followed by a further 2 minutes on ice. 200 mL of LB broth was added
prior to a 1 hour incubation at 37°C with agitation. 50-200 µl of bacteria were
plated on LB agarose plates containing relevant antibiotic selection (see table
2.3) and incubated for approximately 16 hours at 37°C. Single colonies were
selected and cultured overnight in 100-200mL of LB at 37°C with agitation. DNA
was prepared by maxiprep using a Qiafilter Maxi Kit (Qiagen). Minipreps were
carried out by the CRICK equipment park.

2.2.3 Mutagenesis
Mutations were introduced into cDNA using site directed mutagenesis. For
mutagenesis, primer sequences see table 2.7. Reactions contained 25-100 ng of
template cDNA, 125 nM forward primer, 125 nM reverse primer, 1X Phusion® HF
reaction buffer (New England Biolabs), 3 µl DMSO, 1 µl dNTP mix (10mM) and 0.5
µl Phusion® polymerase (New England Biolabs), made up to 20 µl with nucleasefree water (Thermo Fisher).
The mutagenesis PCR reaction was run as follows:

1234567-

95°C – 30 seconds
95 °C – 30 seconds
55°C - 60 seconds
72 °C – 60 seconds per kb cDNA
Steps 2-4 repeated for 17 cycles
72 °C – 30 seconds
Hold at 4°C

1 µl Dpn1 (New England Biolabs) was added per reaction and incubated at 37°C for
1 hour to digest template DNA prior to transformation into Top-10 competent E. coli.
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2.2.4 Sequencing
Minipreps were cleaned up using DyeEx 2.0 Spin Kit (Qiagen) and sequencing was
carried out by the CRICK equipment park. Reaction mix contained 3.2 pmol primer,
~150 ng plasmid DNA and 1X BigDye™ Terminator, made up to 20 µl with H2O.
The sequencing PCR reaction was run as follows:

123456-

96°C – 60 seconds
96 °C – 10 seconds
56°C - 5 seconds (ramp to 56°C with 1°C/second)
60 °C – 4 minutes (ramp to 60°C with 1°C/second)
Steps 2-4 repeated for 24 cycles
Incubate at 12°C forever

Table 2.8 Mutagenesis primers

Template

Mutation

PKCe M486A

D383N

FW 5’CTACAAGACGATGATGTGAACTGCACAATGACAGAGA3’
RV 5’TCTCTGTCATTGTGCAGTTCACATCATCGTCTTGTAG3’

PKCe M486A

D451N

FW 5’ TCGTCGGCCACCAATGGCCAGCTGG3’
RV 5’CCAGCTGGCCATTGGTGGCCGACGA3’

PKCe D383N

D383/451N

FW 5’ TCGTCGGCCACCAATGGCCAGCTGG3’
RV 5’CCAGCTGGCCATTGGTGGCCGACGA3’

PKCe
D383/451N

TEV insertion

PKCe M486A

S379A

PKCe M486A

S380A

PKCe M486A

S379/380A

Primer sequence

FW 5’
GGCCACCGATGAGAACCTGTACTTCCAGGGCCAGCTGG-3’
RV 5’
CCAGCTGGCCCTGGAAGTACAGGTTCTCATCGGTGGCC-3’

FW 5’GAGCACCGAGCGGCGTCGGCCACCGAT 3’
RV 5’ATCGGTGGCCGACGCCGCTCGGTGCTC 3’
FW 5’CACCGAGCGTCGGCGGCCACCGATG3’
RV 5’CATCGGTGGCCGCCGACGCTCGGTG3’
FW 5’ GAGCACCGAGCGGCGGCGGCCACCGAT 3’
RV 5’ ATCGGTGGCCGCCGCCGCTCGGTGCTC 3’

57

Chapter 2 Materials and Methods

2.2.5 Transient cDNA transfection
Plasmid DNA was reverse transfected into cells. Transfection reaction mixtures
contained a 3:1 ratio of FuGENE® HD transfection reagent (Promega) to cDNA,
made up to 1/10th of the total culture volume with OptiMEM (Gibco). The transfection
reaction mixture was incubated at room temperature (RT) for 25 minutes prior to
addition to cells in suspension and was incubated for the appropriate time at 37°C,
10% CO2. A final cDNA concentration of 500 ng/mL was achieved.
Example reaction: To transfect a 6-well dish; 1 µg of cDNA was incubated with 3 µl
FuGENE® HD transfection reagent in 200 µl of OptiMEM. Reaction mix was then added
to 1.8 mL of cells in suspension.

2.2.6 siRNA transfection
HeLa cells were transfected with siRNA using HiPerFect (Qiagen). DLD-1 cells were
transfected using Lullaby (OZ Biosciences). For both reagents siRNA transfection
reaction mixtures contained a 2:1 ratio of transfection reagent to 20 µM siRNA, made
up to 1/10th of the total culture volume with OptiMEM. Reaction mixtures were
incubated at RT for 10 (HiPerFect) or 20 (Lullaby) minutes prior to addition to cells
in suspension, and were incubated for the appropriate time at 37°C, 10% CO2. A final
cDNA concentration of 20 nM siRNA was achieved. For siRNA sequences used see
table 2.8.
Example reaction: To transfect a 6-well dish; 2 µl of 20µM siRNA was incubated with 4
µl of transfection reagent in 200 µl of OptiMEM. Reaction mix was then added to 1.8 mL
of suspension cells.
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Table 2.9 siRNA sequences
siRNA

Product
name/manufacturer

Sequence(s)

Product
code

siNTC

Qiagen

5’-AATTCTC CGAACGTGTCACGT-3’

1027310

siPKCe*

Dharmacon,
SmartPOOL

5’- GGGCAAAGAUGAAGUAUAU-3’

D-00465301

(si1)
siAuora B**

Qiagen custom siRNA
(3’ UTR)

5’-AATTAGGGATCCCTTCTTTCC-3’

-

siTopoIIa**

Dharmacon,
SmartPOOL

5’-GGUAACUCCUUGAAAGUAA-3’

D-004239

(set of 4)

5’-GGAGAAGAUUAUACAUGUA-3’
5’-GAUGAACUCUGCAGGCUAA-3’
5’-CGAAAGGAAUGGUUAACUA-3’

siSgo1

Dharmacon,
SmartPOOL
(set of 4)

5’-UGUGAAGGAUUUACCGCAA-3’

D-015475

5’-CAGCCAGCGUGAACUAUAA-3’
5’-UGAAAGAAGCCCAAGAUAU-3’
5’-CAUCUUAGCCUGAAGGAUA-3’

siCas3

Dharmacon,
SmartPOOL
(set of 4

5’-CCGACAAGCUUGAAUUUAU-3’

D-004307

5’-CCACAGCACCUGGUUAUUA-3’
5’-GAAUUGAUGCGUGAUGUUU-3’
5’-GCGAAUCAAUGGACUCUGG-3’

SiCas7

Dharmacon,
SmartPOOL
(set of 4

5’-GGGCAAAUGCAUCAUAAUA-3’

D-004407

5’-GAUCAGGGCUGUAUUGAAG-3’
5’-UACCGUCCCUCUUCAGUAA-3’
5’-CCAGACCGGUCCUCGUUUG-3’

Note: In the case of AurB and TopoIIa, resistance of exogenous protein to siRNA
was achieved by using siRNA targeting the 3’UTR. in the case of PKCe siRNA
resistance was achieved by utilising the murine sequence for exogenous expression.
The murine sequence of PKCe retains 97% homology at the amino acid level whilst
having a divergent nucleic acid sequence.
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2.2.7 Generation of stable cell lines
Stable

cell

lines

were

generated

for

expression

of

exogenous

protein

(PKCe/AurB/TopoIIa). A T-Rex™ Flp-In system (Invitrogen) was utilised to allow for
tetracycline-inducible expression of protein. This system was selected due to the
advantages of consistent insertion copy number and loci as well as the ability to
control switch-on of expression. Vectors coding for exogenous protein were
transfected into the parental DLD-1 FRT TO cell line (kindly donated by Prof. Steven
Taylor, Generation of Tet-inducible cell lines is described in Tighe et al. 2004 (Tighe
et al., 2004)) according to the manufacturer's instructions. To induce expression,
cells were cultured in DMEM containing 10% FCS and tetracycline (100 ng per ml)
for 16 h prior to assay.
Stable expression of additional vectors not under control of the tetracycline promoter,
such as pmCherry histone H2B or the split TEV vector (sTEVp), was achieved by
transfection

using

Lipofectamine®

LTX

with

Plus™

reagent

(Invitrogen).

Transfection reaction mixtures contained 1 µg of cDNA, 2.5 µl Lipofectamine® LTX,
and 5 µl Plus™, made up to 200 µl with OptiMEM. The mixture was incubated for 15
minutes at RT before addition to 1.8 mL of cells in suspension in a 6-well dish. Media
was changed 24 hours post transfection, and replaced with media containing
appropriate selection antibiotics. Media was replaced every 3-5 days until clonal
outgrowth. Cells expressing a fluorescently tagged protein were sorted using a
FACSAria™ II cell sorter (BD Biosciences) to generate a population of cells
expressing similar levels of exogenous protein. Details of stable cell lines generated
can be found in table 2.9.
For details regarding vectors see table 2.4. Further information regarding DNA
sequences can be found in appendix 1.
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Table 2.10 Stable cell lines
Cell line

cDNA under control of tetpromoter

Additional
plasmid
expression

Selection

GFP-PKCe WT

-

Hygromycin B*

DLD-1 GFP-PKCe D383N

GFP-PKCe D383N

-

Hygromycin B

DLD-1 GFP-PKCe D451N

GFP-PKCe D451N

-

Hygromycin B

DLD-1 GFP-PKCe D383/451N

GFP-PKCe D383/451N

-

Hygromycin B

DLD-1 GFP-PKCe WT,
pmCherry H2B

GFP-PKCe WT

pmCherry H2B

Hygromycin B,

DLD-1 GFP-PKCe D383N,
pmCherry H2B

GFP-PKCe D383N

DLD-1 GFP-PKCe D451N,
pmCherry H2B

GFP-PKCe D451N

DLD-1 GFP-PKCe D383/451N,
pmCherry H2B

GFP-PKCe D383/451N

DLD-1 GFP-PKCe TEV
D383/451N

GFP-PKCe TEV D383/451N

DLD-1 GFP-PKCe TEV
D383/451N, pmCherry H2B

GFP-PKCe TEV D383/451N

DLD-1 GFP-PKCe WT

1

Puromycin**
pmCherry H2B

Hygromycin B,
Puromycin

pmCherry H2B

Hygromycin B,
Puromycin

pmCherry H2B

Hygromycin B,
Puromycin

pmCherry H2B

Hygromycin B,

sTEVp

Puromycin

pmCherry H2B

Hygromycin B,

sTEVp

Puromycin
Zeocin***

DLD-1 GFP-PKCe cat.

GFP-PKCe kinase domain

-

Hygromycin B

DLD-1 GFP-PKCe cat.
pmCherry H2B

GFP-PKCe kinase domain

pmCherry H2B

Hygromycin B
Puromycin

DLD-1 GFP-Aurora B WT

1

DLD-1 GFP-Aurora B S227A
DLD-1 GFP-TopoIIa WT

1

1

DLD-1 GFP-TopoIIa S29A

GFP-PKCe Aurora B WT

-

Hygromycin B*

GFP-PKCe Aurora B S227A

-

Hygromycin B*

-

Hygromycin B*

-

Hygromycin B*

-

Hygromycin B*

-

Hygromycin B*

GFP-TopoIIa WT
1

DLD-1 GFP-TopoIIa T1460A
DLD-1 GFP-TopoIIa S29A /
1
T1460A

1

GFP-TopoIIa S29A
1

1

GFP-TopoIIa T1460A

GFP-TopoIIa S29A /T1460A

* 100 ng/µl
** 3 µg/mL
*** 100 µg/mL
1

1

cell lines already available in the laboratory
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2.2.8 SDS-PAGE and Western Blot.
Cells were harvested by aspirating media, washing with PBS, and lysing either
directly into 1x LDS sample buffer (Thermo Fisher Scientific), or 100 μl Triton X-100
lysis buffer, containing cOmplete™ protease inhibitor (Sigma) and phosphatase
inhibitor cocktails (Millipore, cocktail II and IV) for 10 minutes on ice. This was
followed by centrifugation to separate out the Triton X-100 soluble and Triton X-100
insoluble fraction. 100 μl of 2x LDS sample buffer was then added to the respective
cellular fractions. Lysates were boiled at 95°C for 5 minutes, sonicated, and
centrifuged. Proteins were separated by SDS–PAGE and transferred to PVDF
membranes (Millipore). Membranes were blocked with blocking buffer for 1 hour at
RT, then incubated with primary antibody (in TBST + 1% BSA) overnight at 4°C.
Membranes were washed 3 times for 5 minutes, before incubation with HRPconjugated secondary antibody (in TBST + 1% BSA) for 1 hour at RT. Membranes
were washed 3 times for 5 minutes before incubation for 2 minutes in Luminata
Classico (Millipore). Chemiluminescence was measured using a GE Healthcare
ImageQuant LAS 4000 system. Band densitometry was carried out using Image J
software and normalized to a loading control. For a list of antibodies used see tables
2.2 and 2.3.

2.2.9 FACS analysis of cell cycle stage
For validation of cell cycle stage in arrested cell populations, cells were harvested by
aspirating the media, washing with PBS, and incubating with Trypsin-EDTA (0.25%)
at 37°C for five minutes until the cells detached. Cells were resuspended in culture
media and pelleted by centrifugation at 2000 x g for 5 minutes. Cells were fixed by
resuspending in ice cold 70% ethanol and stained with 50 mg/ml propidium iodide
and 100 mg/ml RNAase to analyse DNA content. Cells were then stained with a
MPM-2 antibody directly conjugated to Alexa 633 (Millipore 16–220) for 2 hours at
RT, and fluorescence intensity was measured using a FACS Calibur (Becton
Dickinson). These data were then analysed using the FlowJo software.
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2.2.10 Immunoprecipitation and Kinase-Glo™ assay

Cells expressing GFP-PKCe constructs were lysed in 500 μl RIPA buffer containing
cOmplete™ protease inhibitor and phosphatase inhibitor cocktails (cocktail II and IV)
for 10 minutes on ice, followed by centrifugation to remove cellular debris. The
supernatant was pre-cleared with 30 μl un-conjugated Dynabeads (Invitrogen) for 30
minutes at 4°C. Dynabeads were magnetically removed, and 30 μl of GFPconjugated beads were added for 1 hour at 4°C. Dynabeads were washed once with
lysis buffer, 1x high salt lysis buffer (500 nM NaCl) and a final time with lysis buffer.
40 μl of immunoprecipitate was removed, and LDS sample buffer added. Samples
were assessed by western blot as described previously. The remaining buffer was
removed and the Dynabeads re-suspended in 50 μl kinase buffer. Kinase-Glo™
reactions were set up, in duplicate, containing: 10 μl of immunoprecipitated PKCe 1x
kinase reaction buffer, 0.25 mg/mL protamine sulphate, and 10 nm ATP, made up to
50 μl with kinase dilution buffer ± 100 nM Blu 577. Reactions were incubated for 30
minutes at 30ºC with agitation. Following incubation, reactions were transferred to a
white 96-well plate (Perkin Elmer), and 50 μl of Kinase-Glo™ reagent (Promega) was
added. 10 minutes after addition of Kinase-Glo™ chemiluminescence was measured
using an EnVision plate reader (Perkin Elmer).

2.2.11 Live-cell time-lapse microscopy

For measurement of metaphase-anaphase transition time cells were cultured on
LabTek chambered coverglass slides (Nunc). Under experimental conditions
requiring exogenous expression of GFP-tagged PKCe, Aurora B, or TopoIIa, the
endogenous protein was knocked-down with siRNA, as described above, 24 hours
before commencing image capture. Prior to imaging, media was removed and
replaced with 500 μl Leibovitz CO2-independent media (Gibco) ± 1 μM ICRF-193.
Images were obtained using a low light level inverted microscope imaging system
(Nikon TE2000), equipped with a laminar-flow heater to maintain a constant
temperature of 37 ± 0.01 °C, a PlanFluor 40´ DIC lens, and a Xenon lamp for
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fluorescent excitation. Images were taken using a high quantum efficiency CCD
camera (Andor Ixon) at 4 locations per well and 3 Z-positions per location every 5
minutes. Image acquisition and analysis was performed using MetaMorph
microscopy and image analysis software (Molecular Devices).

2.2.12 Recapitulating PKCe cleavage.
To assess the effect of recapitulating PKCe cleavage on the metaphase-anaphase
transition time, DLD-1 GFP-PKCe TEV D383/451N expressing pmCherry H2B cells
were transfected with siPKCe, after 24 hours tetracycline (100 ng per ml) was added
and incubated at 37 ºC and 10% CO2 for 16 hours. Cells were incubated for 3 hours
with 500 nM nocodazole to arrest the cells in pro-metaphase, followed by a further
2-hour incubation with 100 ng rapamycin to drive chemically induced dimerization of
TEV, and, as a result, PKCe cleavage. Media was aspirated and cells were washed
three times with pre-warmed media to release the pro-metaphase arrest. Media was
then replaced with 500 μl Leibovitz CO2-independent media (Gibco) ± 1 μM ICRF193. Images were obtained as above.

2.2.13 Immunofluorescence
For immunofluorescence experiments, cells were grown on 13 mm glass coverslips.
Unless otherwise stated cells were simultaneously fixed and permeabilised in
PTEMF buffer for 30 minutes. Coverslips were blocked with antibody blocking buffer
for 1 hour at RT, then incubated with primary antibody (in antibody blocking buffer)
for 2 hours at RT. Coverslips were washed 3 times for 5 minutes with wash buffer
before incubation with Alexa Flour®-conjugated secondary antibodies (in antibody
blocking buffer) for 1 hour at RT. Coverslips were washed 3 times for 5 minutes with
wash buffer and 1x with H2O. All coverslips were mounted using ProLong Diamond
with DAPI (Invitrogen). Details of antibodies used can be found in table 2.2. Images
were taken using an inverted laser scanning confocal microscope (Carl Zeiss LSM
780) equipped with a 63´ Plan-APOCHROMAT DIC oil-immersion objective. Images
were processed using ImageJ software.
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For assays examining the effect of Triton X-100 pre-extraction cells were either
incubated with 0.1% Triton X-100 for 1 minute at RT prior to fixation in 4%
formaldehyde for 20 minutes at RT or fixed directly in 4% formaldehyde for 20
minutes at RT. Both conditions were followed by 5 minute permeabilisation in 0.5%
Triton X-100 at RT prior to blocking, probing and visualising as detailed above.

2.2.14 Immunofluorescent intensity profiles
To quantify TopoIIa S29 phosphorylation levels immunofluorescent intensity profiles
were generated using Mathematica software (Wolfram). Z-sections were summed
and corrected for background signal. The chromatin area, determined by DAPI
signal, was selected across all channels. This defined chromatin area was then used
to measure the total integrated pixel intensity for the phospho-specific TopoIIa S29
channel in the chromatin region for each cell, subject to thresholding. Image sets
were captured in a single session to reduce laser variation within data sets. Laser
variability was controlled across the individual experimental sets by normalising
intensity measurements to the experimental median.

2.2.15 Proximity Ligation assay (PLA)
For PLA assays cells were grown on 8 well-chambered slides (Falcon) and fixed as
for immunofluorescent imaging. PLA was conducted using a kit (Sigma) as per
manufacturer’s instructions. In brief, PLA involves probing a fixed sample with a
combination of two antibodies. Samples are then probed with secondary antibodies
containing a short oligopeptide sequence, if these oligopeptide sequences are within
40nm, indicating that the antigens for the primary antibodies are in close proximity,
rolling

circle

amplification

can

occur.

Fluorescent-labelled

complementary

oligonucleotide probes are added, and they bind to the amplified DNA allowing
visualisation. Images were taken using an inverted laser scanning confocal
microscope (Carl Zeiss LSM 780) equipped with a 63´ Plan-APOCHROMAT DIC oilimmersion objective. Images processed using ImageJ software.
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2.2.16 Metaphase catenation assay
For measurement of metaphase catenation, cells were treated with siSgo1 and, if
appropriate, experiment specific siRNA for 24 h. This was followed by 1 h treatment
with nocodazole to collapse the mitotic spindle, in order to aid chromosome
spreading. Cells were collected by shaking off the mitotic cells, which were then
resuspended in a hypotonic solution of 75 mM KCl and incubated at 37 °C for 30 min.
Cells were then resuspended in 3:1 methanol:acetic acid and fixed overnight at
−20 °C. Cells were then spread onto clear slides by dropping from 1 m height. For
assays where topoIIa was re-introduced, recombinant topoIIa (1 U, TopoGen) was
included in the hypotonic step where the cell membrane became hyperpermeable.
Hypotonic buffer: 5 mM Tris-Cl, pH 8.0; 75 mM KCl; 10 mM MgCl2; 0.5 mM ATP, and
0.5 mM dithiothreitol. Images were taken taken using an inverted laser scanning
confocal microscope (Carl Zeiss LSM 880) equipped with a 63´ PlanAPOCHROMAT DIC oil-immersion objective. Images processed using ImageJ
software, and scored manually after blinding.

2.2.17 Antibody generation and purification
Anti-sera was raised by Pettingill Technology Ltd. Rabbits were inoculated with
peptides

representing

the

new

amino

termini

of

cleaved

PKCe

(NH2-

GQLMSPGENGEV-biotin - new amino 383 peptide, NH2-CTMTEKRILALA-biotinnew amino 451 peptide) with inoculations at day 0, 14, 28,42, 56 and 70, with test
and terminal bleeds being taken at day 49 and 77 respectively. Sera were collected
and purified using a streptavidin agarose resin column. Streptavadin resin was
packed into columns and equilibrated with 5 column volumes of binding buffer
(Pierce). 10 mg of biotinylated peptide in 1 mL of binding buffer was added to the
column and incubated for 10 minutes at RT. Columns were washed with 10 column
volumes of binding buffer and sera, diluted 1:2 with binding buffer was added and
incubated overnight at 4°C. Column was washed with 10 column volumes of binding
buffer and 5 column volumes of TBS. Antibody was then eluted with 5-10 column
volumes of gentler elution buffer (Pierce) and buffer was exchanged (zeba column,
Pierce). Antibodies were spun at >20000 x g for 1 hour, aliquoted and stored at 80°C.
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2.2.18 Expression and Purification of Aurora B/INCENP
Expression of Aurora B/INCENP was performed by the protein synthesis group at
The Francis Crick institute as follows. A pET-Duet vector encoding human Aurora B
(WT and S227A) and human INCENP WT (residues 837-918) were transformed into
electrocompetent Rosetta pLysS E. coli cells. A 10ml starter culture was used to
inoculate 500 ml of LB medium containing 100 µg per ml ampicillin. The culture was
grown at 37°C to an OD600nm = 0.7. The cultures were removed from the incubator
and allowed to cool to RT. Subsequently, IPTG was added to a final concentration
of 1 mM and the cultures grown overnight at 20°C. The cells were pelleted by
centrifugation (2000 x g for 10 min) and resuspended in 25 ml of lysis buffer (25 mM
Tris, pH 8.0; 1 M NaCl, 1 mM EDTA, 1 mM DTT) with the addition of a Roche
Protease Inhibitor Cocktail Tablet. Cells were lysed by a combination of lysozyme
addition and 3 × 10 second sonication bursts. Polyethyleneimine (PEI) (25 kDa,
linear) was added to a final concentration of 0.15% (w/v) and incubated on ice for 30
min. Finally, insoluble debris (and PEI-DNA complexes) were precipitated by
centrifugation at 20,000 x g for 20 min in an ultracentrifuge, and filtrated before
purification using an AKTA Pure System (GE Healthcare) with a 1 ml HisTrap column
attached. The running buffer was 25 mM Tris, pH 8.0; 200 mM NaCl; 1 mM EDTA,
and 1 mM DTT. The same buffer supplemented with 500 mM Imidazole was used
for elution. The proteins in the peak were pooled and subjected to size exclusion
using a Superdex200 10/300 column. Peaks containing both the Aurora B and
INCENP subunit were pooled, concentrated, and flash-frozen in liquid N2 until use.
Recombinant Aurora B WT and S227A proteins were assessed for their
phosphorylation state (pS227 and pT232) and kinase activity against the substrate
Histone H3 S10 prior to use in all assays. At low efficiency of production of Aurora
B, T232 but not S227 is phosphorylated. However, on highly efficient production (i.e.
high concentration) as determined using the above protocol, both sites become
phosphorylated.
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2.2.19 Expression and Purification of PKC epsilon kinase domain
Expression of PKCe kinase domain was performed by the protein synthesis group at
The Francis Crick institute as follows. cDNAs encoding human PDK1 and a fusion
protein consisting of GST-3C-PKCεpsilon (human, kinase domain) were inserted into
the two multiple cloning sites of the pFL vector (kind gift from Prof Imre Berger,
University of Bristol). High-titre baculovirus stocks were generated using standard
Bac-to-bac (Invitrogen) protocols using Sf21 cells. For protein expression, 500 ml of
Sf21 cells at 1×st6 cells per ml grown in SF900-III medium (Life Technologies) were
infected with a multiplicity of infection of 1 for 72 hrs. The infection process was
monitored by cell counts and measurements of the insect cell diameter. Cells were
harvested by centrifugation (2000 x g for 10 min) and resuspended in 25 ml of GSTbinding buffer (25 mM Hepes, pH 7.5; 125 mM NaCl; 1 mM DTT, and 1 mM EDTA)
supplemented with a protease inhibitor tablet (Roche). The lysate was loaded onto
a 5 ml GSTrap column (GE Healthcare) at 1 ml per min and GST-3C-PKCεpsilon
was eluted in binding buffer with 30 mM reduced glutathione. The fusion protein was
cleaved overnight at 4°C with PreScission protease. The cleavage mixture was
loaded onto a Resource15Q column at 1 ml per min and a linear NaCl gradient (50500 mM) was applied. The PKCε kinase domain eluted as a single peak at around
300 mM. The kinase-containing fractions were pooled and subjected to a final sizeexclusion step using a Superdex 75 column in a buffer containing 25 mM Hepes (pH
7.5), 125 mM NaCl, and 1 mM TCEP.

2.2.20 Peptide array
The TopoIIa peptide array was performed by Dr Tanya Soliman as follows. 15mers
of T2A with a shift of two were arrayed on nitrocellulose by the Peptide Synthesis
laboratory of the Francis Crick Institute. Membranes were blocked overnight in 0.2
mg per mL BSA, 20 mM Tris (pH7.5), and 0.02% Tween-20. Membranes were
subsequently incubated with the appropriate recombinant protein (Aurora B WT
100μg, Aurora B S227A 100μg), 10mM MgCl2, and 100uM [γ32P]-ATP (5μCi per mL)
for 10 minutes, followed by extensive washing in H2O and acetic acid. Membranes
were then exposed to film before spot intensity analysis was performed, using the
ImageQuant TL7 (GE life sciences).

68

Chapter 2 Materials and Methods

2.2.21 Kinase assay
Cold kinase assays were conducted in 50 μl reactions containing 20mM Tris (pH
7.5), 5mM MgCl2, 0.5mM DTT, 0.2% Triton X-100, and 100 µM ATP. Reactions were
incubated for 30 minutes at 30ºC using 10 ng-1 μg of each recombinant protein per
reaction. Recombinant TopoIIa protein was purchased from TopoGEN. Reactions
were terminated by addition of NuPAGE 4X LDS sample buffer (Thermo Fisher) prior
to western blotting with the appropriate phospho-antibodies to detect kinase activity
against specific phospho-sites.

2.2.22 Kinetoplast DNA decatenation assay
For in vitro assessment of TopoIIa decatenation efficiency the TopoGEN kinetoplast
DNA (kDNA) assay was utilised. Recombinant TopoIIa was incubated with
recombinant Aurora B WT (pS227/pT232) or Aurora B S227A (pT232) ± 1 μM
ZM447439 at 30 ºC for 30 minutes. Reactions contained 0.2U recombinant TopoIIa,
10 ng - 1 μg of recombinant Aurora B, 100 nM ATP and 1X reaction buffer made up
to 20 μl with kinase dilution buffer. 1 μM ZM447439 was added to designated
reactions to inhibit Aurora B and 10 μl reaction was added to 200 ng kDNA, 1X kDNA
reaction buffer(TopoGEN) made up to 50 μl with kinase dilution buffer. Reactions
were incubated at 30 ºC for 30 minutes and terminated by addition of DNA gel loading
dye (Thermo Fisher). Reactions were separated by electrophoresis on 1% agarose
gel containing GelRed™ fluorescent DNA stain. Images were captured on UVP
BioDoc-It2 imaging system using VisionWorks analysis software (Analytik Jena), and
the kDNA decatenation quantified by calculating band densitometry using Image-J
analysis software.
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2.2.23 Statistical Analysis:
For experiments where the comparisons are made between more than two
conditions, a two-way ANOVA using multiple comparisons was used. In all other
cases an unpaired t-test was used for analysis. Prism software (version
6)(Graphpad) was used for all calculations. The level of statistical significance is
represented as follows: ns = P>0.05, * = P≤0.05, ** = P≤0.01, *** = P≤0.001 and ****
= P≤0.0001.
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Chapter 3.

A subset of PKCe, undergoes proteolytic

cleavage in mitosis
3.1 Introduction

PKCe is a serine/threonine protein kinase with a broad range of functional roles in a
number of cellular processes. These include finely tuned processes involving
discreet temporal regulation and specific targeting to distinct locations. PKCe is
implicated in many roles including, neurite outgrowth, mediating synaptic function
(Brodie et al., 1999, chen and Tian, 2011), protection from ischemic damage
(Capuani et al., 2016) and cell cycle regulation (Saurin et al., 2009, Brownlow et al.,
2014, Pike et al., 2016). This versatility of roles is afforded by a complement of
activation pathways, adaptor proteins and post-translational modifications that alter
the subcellular localisation and substrate interactions of the kinase. For example, a
specific second messenger bound to the C1 domain can affect the localisation of
PKCe (Borner et al., 1992) while particular phosphorylations in the V3 hinge support
binding of the scaffold protein 14-3-3, targeting PKCe to the mid-body for action
during cytokinesis (Saurin et al., 2008).
PKCe has been shown to have crucial roles in the engagement of a TopoIIa mediated
metaphase delay and in promoting efficient decatenation. The mechanisms involved
in regulating these processes are unknown and it remains unclear how PKCe is
effecting influence over cell cycle processes and DNA topology.
In this chapter, data will be presented that demonstrates how a specific sub-set of
PKCe is modified by proteolysis. This modification is shown to be important for PKCe
modulated behaviour, conferring characteristics that are important for both the
TopoIIa mediated metaphase delay and decatenation.
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3.2 Investigating localisation and potential modifications of
mitotic PKCe

3.2.1 A subset of PKCe is present in a chromatin associated, Triton-insoluble
compartment.

PKCe is conventionally viewed as a kinase activated through membrane association,
owing to the fact that canonical activation of PKCe requires lipid binding (Kishimoto
et al., 1980, Rosse et al., 2010) . As such, PKCe is known to be abundant in the
cytoplasm and at plasma membranes (Goodnight et al., 1995). This localisation
pattern was clearly observed by immunofluorescence in the DLD-1 cell line
expressing a GFP-tagged PKCe (Figure 3.1A). Cells expressing GFP-PKCe were
fixed in 4% PFA and DNA stained with DAPI. PKCe was abundantly visible in the
cytoplasm, with signal also being visible at the membranes and cleavage furrow
during cytokinesis.
To visualise any specific localisation behaviours of PKCe which may be confounded
by the large cytoplasmic and membrane bound pools of PKCe, a 0.1% solution of the
detergent Triton X-100 was employed as a pre-extraction method. This revealed a
sub-set of the kinase that is localised in a chromatin-associated compartment in
these GFP-PKCe expressing cells. PKCe was observed in the nucleus of interphase
cells and this chromatin association was maintained throughout each stage of the
cell cycle with PKCe remaining in this compartment through nuclear envelope
breakdown upon entry to mitosis, metaphase, anaphase and telophase where the
nuclear envelope reforms (Figure 3.1B). PKCe was also visible at the centromeres,
supporting observations made by Martini et al. (Martini et al., 2017).

Chromatin-associated PKCe could also be detected by western-blot. DLD-1 cells
expressing GFP-tagged PKCe, fractionated into Triton-soluble and Triton-insoluble
cellular material. As expected, a large proportion of the cellular PKCe is present in
the Triton-soluble fraction, but a smaller pool of PKCe can be seen in the Triton-
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insoluble fraction supporting the observations made by immunofluorescence
microscopy following pre-extraction (Figure 3.1C). It was verified that this insoluble
fraction also contains chromatin by probing for the presence of Histone H3, which
was greatly enriched in the Triton-insoluble compartment.

Figure 3.1 A subset of PKCe is present in a chromatin-associated compartment

Immunofluorescence images of DLD-1 expressing GFP-PKCe fixed in 4% PFA (A)
or pre-extracted with 0.1% Triton-X100 before fixation with 4% PFA (B). (C)Western
blot showing the presence of PKCe and Histone H3 in cytosolic (Triton-soluble) and
chromain enriched (Triton-insoluble) cellular fractions.
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3.2.2 PKCe

present

in

the

Triton-insoluble

compartment

undergoes

proteolytic cleavage.

This sub-set of PKCe present in a chromatin associated compartment presented an
interesting finding. We investigated if this sub-set of PKCe demonstrated any
differential characteristics or modifications in comparison to the larger, soluble pool,
specifically in relation to cell cycle.
Interestingly, by western blot analysis, it was observed that the PKCe present in this
Triton-insoluble,

chromatin-associated

compartment

underwent

proteolytic

cleavage. This was evident by the presence of two faster migrating bands, that were
recognised by a PKCe antibody raised against the C-terminus of the kinase (Figure
3.2A). To examine whether the observed cleavage event was influenced by cell cycle
and/or TopoIIa activity, DLD-1 cells expressing GFP-PKCe were treated with the
spindle poison nocodazole to arrest cells in prometaphase and ICRF-193 to inhibit
TopoIIa (figure 3.2A). In comparison with untreated, asynchronously growing cells,
treatment with nocodazole resulted in an increase in the proportion of PKCe being
cleaved (figure 3.2B).
To verify the bands detected represent PKCe cleavage products, RNAi-mediated
gene silencing of PKCe expression was utilised to demonstrate the band visualised
at 80kDa, which represents full length kinase, was depleted as were both of the faster
migrating bands observed (Figure 3.2C). This confirms that the lower molecular
weight bands do represent PKCe.
It was possible that the observed cleavage was a feature of post-lysis degradation
and not occurring physiologically. Increasing the time samples spent in lysis buffer
did not lead to an increase in the amount of cleavage product observed, with this
maximal amount of cleavage being present from as little as 2-minute post cell lysis
(Figure 3.2D). In fact, upon direct lysis into sample buffer containing SDS and DTT,
denaturing any proteases alongside the lysis event, the PKCe fragments were still
present (3.2E).
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These data show that PKCe is undergoing a proteolytic cleavage event that appears
linked to mitosis.

Figure 3.2 PKCe present in the Triton-insoluble compartment undergoes
proteolytic cleavage.

(A)Western blots of PKCe in the Triton-insoluble cellular fraction obtained from GFPPKCe DLD-1 cells, ± Nocodazole (500nM) ± ICRF-193 (1µM) treatment. (B) Graph
showing average PKCe cleavage to the respective fragments, from 3 independent
experiments, as determined by densitometry. Cleavage calculated as a percentage
of lane total. Significance of difference in PKCe cleavage compared to DMSO control
determined by two-way ANOVA, ** P ≤ 0.01 (C) Western blots of lysates from Tritonsoluble and Triton-insoluble fractions, obtained from HeLa cells, following 24hr PKCe
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siRNA knock-down, probed for PKCe and histone H3. (D) Western blots showing
PKCe cleavage in GFP-PKCe HeLa cells following increasing time spent in Triton X100 lysis buffer. (E) Western blot of whole cell lysate of HeLa cells probed for PKCe
and histone H3. Arrows indicate cleaved PKCe fragments.
3.2.3 PKCe cleavage occurs in mitotic cells.

To further characterise the timing of the PKCe cleavage event cells were
synchronised with either thymidine, RO-3306 or Nocodazole (Figure 3.3A-C).
Thymidine acts to inhibit DNA synthesis, preventing S-phase entry causing cells to
arrest at the G1/S transition (Harper, 2005). RO3306 is an ATP-competitive inhibitor
of CDK1 and arrests cells at the G2/M boundary (Vassilev, 2006). Nocodazole
inhibits polymerisation of the microtubules, perturbing the formation of the mitotic
spindle and causing cells to arrest in prometaphase (Jackman and O’Connor, 2001).
Synchronisation was verified by FACS analysis of DNA content and the presence of
the mitotic marker MPM2 (Figure 3.3A-B) (Ma and Poon).
After thymidine treatment, the majority of cells have a DNA content of 2N indicating
that they have not entered S phase and undergone DNA replication. With both RO3306 and Nocodazole treatment, the majority of cells have a DNA content of 4N
indicating that these cells have undergone DNA replication. Only nocodazole treated
cells had a large fraction of MPM2 positive cells indicating mitotic arrest. Combined,
these data show that the cell populations have successfully been arrested at the
G1/S boundary, G2/M boundary and early mitosis respectively. PKCe cleavage was
observed in nocodazole treated cells, with the cleavage products being almost
completely absent in cell populations synchronised prior to mitotic entry (Figure
3.3C). These data show that PKCe undergoes proteolytic cleavage in early mitosis.
To ensure the cleavage observed was not an artefact of nocodazole treatment cells
were also arrested in prometaphase with two additional synchronising agents with
varied targets and mechanisms of action (figure 3.3D). S-Trityl-L-cysteine (STLC)
inhibits the mitotic kinesin Eg5 whilst Taxol targets tubulin and blocks microtubule
depolymerisation, leaving little crossover of non-specific effects (Skoufias et al.,
2006). Treatment with all synchronisation agents led to comparable levels of
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proteolysis of PKCe. This provided confidence that the observations were as a result
of the cell cycle phase as opposed to another mechanism.
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Figure 3.3 PKCe cleavage occurs in mitotic cells

(A-B) FACS analysis of DLD-1 cells treated with cell cycle synchronising agents,
thymidine, RO3306 and nocodazole (A) DNA content as assessed by PI staining (B)
and percent MPM2 positive cells. (C) Western blot showing PKCe and histone H3
present in the Triton-insoluble fraction of thymidine, RO3306 or nocodazole
synchronised DLD-1cells. (D) Western blot showing PKCe and histone H3 present in
the Triton-insoluble fraction of HeLa cells arrested in prometaphase with various
agents. Arrows indicate cleaved PKCe fragments. Data is the mean (A-B), or
representative (C-D) of 3 independent experiments, error bars show SD.
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3.2.4 PKCe cleavage generates an intact N-terminal fragment

The data presented so far have demonstrated that PKCe undergoes proteolysis to
generate two cleaved c-terminal fragments of the kinase. In order to study the
biological implications of this cleavage event, it was crucial to gain a further
understanding of the proteolytic process leading to the generation of cleaved PKCe.
Cells stably expressing GFP-PKCe showed proteolysis of PKCe when studied by
immunoblotting using an antibody raised against the C-terminus of the kinase (figure
3.4A). The level of PKCe cleavage was increased upon arresting cells in prometaphase with nocodazole. It was anticipated that when probed with a GFP
antibody, the N-terminus of PKCe would be recognised (figure 3.4A).
The full-length kinase could be observed, a second band was also observed at
around 70 kDa, the amount of GFP signal correlated with the amount of cleaved
PKCe with an increase in this band being observed in lysate from nocodazole
arrested cells. This band is equivalent to the size of the GFP-tagged N-terminal
region of PKCe that would couple to the larger C-terminal PKCe fragment (figure
3.4B). No largerr N-terminal fragment was observed that would correspond to the 35
kDa C-terminal fragment of PKCe. This would suggest that this may represent a
sequential cleavage event.

79

Chapter 3 Results

Figure 3.4 PKCe cleavage generates an intact N-terminal fragment.

(A) Schematic indicating the differential recognition sites of the GFP and PKCe
antibodies and predicted N-terminal cleavage fragments. (B) Western blot showing
PKCe cleavage in asynchronous cells and cells arrested in mitosis with nocodazole
(500 nM), probed with antibodies against PKCe, GFP and histone H3. Arrows
indicate the cleaved C-terminal fragments of PKCe. The N-terminal fragment of PKCe
is indicated with an asterisk. Blots are representative images from 3 independent
assays.
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3.2.5 PKCe cleavage occurs in a range of cell types.

The conservation of PKCe cleavage was determined across a range of cell lines
including both transformed and non-transformed cells to assess whether the
observed cleavage event was of broad biological interest and not a cell line specific
behaviour. DLD-1, HeLa, HEK293, hTERT RPE-1, and MEF cells isolated from
PKCe-/- mice expressing ectopic GFP-PKCe and with PKCe cleavage assessed by
western blot (Figure 3.5A). PKCe was observed in all tested cell lines and in all cases
proteolysis was observed. There was variation visible, for example the relative
proportions of the PKCe cleaved across the cell lines with HeLa cells having a notably
larger proportion of PKCe cleavage compared to the rest of the lines tested.
However, in all cases there was a trend of increased PKCe cleavage upon
nocodazole induced mitotic arrest.

Cleavage of endogenous PKCe was also observed in DLD-1 and HeLa cells,
indicating this is not an effect of over-expression of exogenous protein (Figure 3.5B).
These data support evidence that PKCe is undergoing cleavage in early mitosis.
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Figure 3.5 PKCe cleavage occurs in a range of cell types.

Western blot data showing full length PKCe indicated by asterisk and c-terminal
PKCe fragments, indicated by arrows (lower panels) in cells expressing GFP-PKCe
(A) or endogenous protein (B). Data shows representative images from ≥3
independent experiments.
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3.3 Characterisation of PKCe cleavage sites.

3.3.1 Identification of sites of PKCe proteolysis

For further characterisation of this cleavage event, and to allow an understanding of
the relevance to PKCe function, the cleavage sites needed to be identified. It has
been demonstrated that PKCe can be selectively cleaved by caspase family
members at two distinct aspartate residues in the kinase present at positions 383,
and 451 of the amino acid sequence (Basu et al., 2002). In this study, it is detailed
that cleavage at these sites generates C-terminal fragments of 43kDa and 35kDa
respectively, corresponding with the masses of the cleavage products we observed
in vivo.
The first of these cleavage sites, D383, is located in the V3 hinge region of the kinase.
Cleavage of PKCe at this site separates the regulatory and catalytic regions of the
kinase. D451 is located in the a-C helix region of the catalytic domain of PKCe,
cleavage at this residue would generate a truncated catalytic domain (Figure 3.6A).
To determine whether these were the same cleavage sites observed, the crucial
negatively charged aspartate residues (383/451) were replaced with asparagine to
effectively block caspase cleavage at these sites. These constructs, with an Nterminal GFP tag, were transiently transfected into HeLa cells, owing to the readily
transfectable nature of the cell line, and the effect on PKCe proteolysis determined
by western blot analysis (Figure 3.6B). Mutation of D383 resulted in loss of the 43kDa
band, while mutation of D451 resulted in a loss of the 35kDa band. The mutations
were generated in the background of the gatekeeper mutant PKCe (M486A) as this
species can be selectively inhibited by the small molecule inhibitor, NaPP1. Mutation
of both sites (D383/451N) led to a loss of both of the cleavage products,
demonstrating that the observed cleavage is indeed occurring at these residues.
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Figure 3.6 Characterisation of PKCe cleavage sites.

(A) Schematic detailing the positioning of cleavage sites D383 and D451 within PKCe
and the predicted products generated by mutation of these residues. C1A/B, C2, PS
(pseudo-substrate) and KD (kinase domain) are depicted. (B) Western blot showing
PKCe in transiently transfected HeLa cells expressing GFP-PKCe cleavage mutants.
Arrows indicate cleaved PKCe fragments.
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3.3.2 Mutation of cleavage sites does not disrupt PKCe priming or activity

The creation of these cell lines in which PKCe cleavage could be blocked is a useful
tool to study the effect of PKCe cleavage upon the metaphase-anaphase transition.
However, before utilising PKCe cleavage mutants to further study cleavage it was
important to ascertain that the mutations did not interfere with the priming or activity
of the kinase.
The activation of PKC family members is controlled by three highly conserved
priming phosphorylations. In PKCe these are; the activation loop (T566), the turn
motif (T710) and the C-terminal hydrophobic motif (S729). Priming site
phosphorylation was observed in cells expressing the cleavage mutants (GFP-PKCe
D383N, GFP-PKCe D451N and GFP-PKCe D383/451N) as well as in control cells
expressing GFP-PKCe wildtype (Figure 3.7A).

The catalytic activity of the PKCe cleavage mutants was measured in vitro using the
ATP depletion assay, ATP-Glo™ (Figure 3.7B). For this, the PKCe cleavage mutants
were isolated from cell lysate using immuno-precipitation via the GFP tag, and
measurements normalised to the amounts of PKCe present in the samples as
determined by western-blot. No difference was observed in the kinase activity
between the GFP-PKCe wild type and GFP-PKCe D383N, GFP-PKCe D451N or
GFP-PKCe D383/451N. It was verified that the ATP usage measured was due to
activity of the isolated PKCe by treating samples with NaPP1, this will specifically
inhibit the PKCe due to the presence of the gate keeper mutation in the sequence
(Lopez et al., 2014). NaPP1 treatment inhibited ATP depletion by >80%(Figure
3.7C).
These data demonstrate that mutation of the cleavage sites does not interfere with
either the essential priming phosphorylations or activity of PKCe.

85

Chapter 3 Results

Figure 3.7, Effect of PKCe mutation on priming site phosphorylation and activity.

(A) Western blot showing phosphorylation of key PKCe priming sites in PKCe
cleavage mutants. (B-C) ATP glow™ data showing ATP usage of GFP-PKCe
cleavage mutants isolated from cell lysate by immunoprecipitation under normal
conditions (B) and in the presence of 2µM Napp1 to selectively inhibit the GFP-PKCe
M486A. Figures show representative (A) or mean results (B-C) from 3 independent
data sets, error bars show SD.
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3.3.3 Mutation of cleavage sites does not disrupt the SAC.

The metaphase-anaphase transition is predominantly controlled by the spindle
assembly checkpoint (SAC), which prevents anaphase entry before the sister
chromatids are properly bi-orientated. Previous work from the laboratory and others
has demonstrated the presence of a secondary level of control at this juncture, the
TopoIIa mediated metaphase response. This response requires PKCe and acts
independently of sister chromatid bi-orientation (Skoufias et al., 2004, Brownlow et
al., 2014). To ensure any effects observed on metaphase-anaphase transition in
response to blocking PKCe cleavage were as the result of perturbations to the
TopoIIa mediated metaphase delay and not the SAC, it was necessary to ensure the
mutations did not affect the proper functioning of the SAC.
The SAC works to avoid segregation errors by restricting anaphase onset until all
chromosomes are attached to the mitotic spindle (Jia et al., 2013). As such,
treatment with spindle poisons such as nocodazole, which will block mitotic spindle
formation should trigger the SAC, arresting cells prior to anaphase onset. The PKCe
cleavage mutants, GFP-PKCe D383N, GFP-PKCe D451N, GFP-PKCe D383/451N
and GFP-PKCe wild type were stably expressed in DLD-1 cells. The cells were
treated with nocodazole and the metaphase-anaphase transition time was measured
by live cell video microscopy. Cells that spent > 5 hours in metaphase were
considered to have been arrested and, as such, have an active SAC response
(Figure 3.8 A-D). The data clearly shows that cells expressing the PKCe cleavage
mutants maintain a functional SAC, with nocodazole treatment triggering a robust
arrest in all of the cell lines.
Representative images were taken showing the presence of mitotic cells as
evidenced by rounded cells in asynchronous populations and after 14 hr treatment
with nocodazole. All of the stable cell lines show a comparable increase in mitotic
cells upon nocodazole treatment indicating functional checkpoints (figure 3.8 E).
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Figure 3.8 Effect of PKCe cleavage mutants upon SAC.

(A-D) Live cell data showing prometaphase arrest in DLD-1 cells expressing GFPPKCe cleavage mutants treated with nocodazole (500nM) or DMSO control. Arrest
was scored as cells spending >5 hours in prometaphase. Data shows the mean of 3
independent data sets with a minimum of 200 cells scored from all experiments. Error
bars show SD. (E) representative images of stable cell lines ± 14 hr nocodazole
(500nM).
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3.3.4 Visualisation of PKCe cleavage in situ.

The products of PKCe proteolysis are clearly visible by western blotting as the
fragments can be easily separated from the full-length kinase. It is more complicated
to visualise the cleaved fragments in cells in situ, as currently available antibodies
will not distinguish between full-length and cleaved species PKCe. In an attempt to
detect cleaved PKCe in cells using immunofluorescence microscopy, antibodies
were raised against the new amino termini of both cleaved fragments. The antibodies
should recognise sequences containing a free amino terminus (for sequence see
2.2.17).
The antibodies generated were tested for their ability to detect cleaved PKCe in fixed
cells. Coverslips with control DLD-1 cells and DLD-1 cells in which PKCε was
silenced using siRNA were prepared using either 4% PFA fixation, or Triton preextraction

followed

by

4%PFA,

as

previously,

to

image

PKCe

by

immunofluorescence. Coverslips were incubated with the antibodies raised against
the new, exposed amino termini generated by cleavage, 383 NA or 451 NA, and atubulin to visualise the cellular architecture. Confocal imaging was used to determine
if cleaved PKCe was successfully detected. Representative images of prometaphase cells are shown as evidence from earlier experiments indicates that
PKCe cleavage is likely to occur in this phase of cell cycle (figure 3.9A,B). No specific
fluorescent signal could be observed using antibodies against either of the two new
amino termini generated by proteolysis. This was the case with or without Triton preextraction.

It was also not possible to detect cleaved PKCe using the 383 NA and 451 NA
antibodies by western blot. Using the c-terminal PKCe antibody, GFP-PKCe M486A
WT and the two cleaved fragments, which are predominantly present in the cells
enriched in mitosis with nocodazole treatment were detected (figure 4.9 C). No bands
are present that correspond to either full-length or cleaved PKCe with either of the
antibodies raised against the new amino termini. This supports the data obtained by

89

Chapter 3 Results

immunofluorescence microscopy that these antibodies were not suitable for
detecting the cleaved PKCe fragments.

Figure 3.9 PKCe cleavage cannot be visualised using antibodies targeting the new
amino terminus.

Immunofluorescence of DLD-1 cells ± siRNA mediated PKCe knockdown ± 0.1%
Triton X-100 pre-extraction probed with DAPI, a-tubulin, 383 new amino (A) or 451
new amino (B) antibodies. (C) Western blot of the Triton-insoluble compartment of
asynchronous cells and cells arrested in mitosis with nocodazole (500 nM), probed
with total PKCe, histone H3, 383 new amino or 451 new amino antibodies.
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3.4 Phenotypic effect of blocking PKCe cleavage

3.4.1 Investigating the effect of PKCe cleavage on engagement of the
metaphase delay

Live cell analysis was used to determine the relevance of mitotic cleavage of PKCe
for the proper functioning of the metaphase catenation response. The Flp-In™TREx™ system was used to generate DLD-1 cell lines with stable, tetracyclineinducible expression of GFP-PKCe WT, GFP-PKCe D383N, GFP-PKCe D451N and
GFP-PKCe D383/451N. These cells also stably expressed mCherry-tagged histone
H2B to visualise chromatin. RNAi mediated gene silencing was used to deplete cells
of endogenous PKCe and treatment with the TopoIIa inhibitor ICRF-193 was used to
induce the TopoIIa sensitive metaphase delay. Images were taken every 5 minutes
for up to 30 hours (Figure 3.10 A). The metaphase-anaphase transition time was
scored as the time elapsed between alignment of chromosomes on the metaphase
plate and anaphase onset; this is indicated in figure 3.10 C as time point 0 and white
stars respectively.
Following the assay cells were lysed and immunoblotted for PKCe (Figure 3.10B)
The presence of GFP-PKCe was confirmed in all samples, and the expected
cleavage pattern was also observed. Mutation of the D383 site resulted in the loss
of the 43kDa PKCe fragment and mutation of the D451 site resulted in loss of the
35kDa PKCe fragment. DLD-1 treated with ICRF-193 demonstrated no difference in
PKCe cleavage compared to untreated samples.
In untreated conditions, all of the cell lines transit from metaphase to anaphase in an
average of between 14 and 16 minutes. When treated with ICRF-193 this average
metaphase-anaphase transition time increases to 46 (±10) minutes in DLD-1 cells
expressing GFP-PKCe WT. DLD-1 expressing GFP-PKCe 451N have an equivalent
ICRF-193 induced delay taking an average of 49 (±2) minutes to transit from
metaphase to anaphase. DLD-1 expressing GFP-PKCe D383N and GFP-PKCe
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D383/451N transit from metaphase-anaphase in 26 (±3) and 23 (±3) minutes
respectively, significantly shorter transition times than observed in cells expressing
GFP-PKCe wild type treated with ICRF-193. These data demonstrate that expression
of both GFP-PKCe WT and GFP-PKCe D451N, can support the engagement of a
metaphase delay in response to ICRF-193 inhibition of TopoIIa, whilst GFP-PKCe
D383N and GFP-PKCe D383/451N are inefficient in supporting this delay. This
indicates that proteolytic cleavage of PKCe at residue D383 is important for the
functionality of PKCe at the metaphase-anaphase transition.
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Figure 3.10 PKCe cleavage is required for engagement of a metaphase delay in
response to TopoIIa inactivity.

(A) DLD-1 cells induced to express GFP-PKCe wild type or cleavage mutants were
assessed for their response to metaphase catenation. Cells were treated ± 1µM
ICRF-193 immediately prior to time-lapse imaging and scored for the time to
progress from metaphase to anaphase. The mean of three independent experiments
is represented by the graph, where >100 cells per condition were analysed.
Significance of the variation between samples was determined by T-test, **** P ≤
0.0001, ns P > 0.05. Error bars show SD (B) Western blot of PKCe cleavage present
in lysates collected after live imaging. Arrows indicate PKCe cleavage products. (C)
Representative images of live cell imaging showing metaphase plate alignment (time
point 0 min) and anaphase onset (asterisk).
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3.4.2 Investigating the effect of PKCe cleavage on decatenation

As it has been demonstrated that PKCe is also involved in the decatenation process
(Brownlow et al., 2014), analysis of metaphase spreads were used to investigate the
potential requirement of PKCe cleavage for resolution of catenation. As the DNA is
highly condensed during metaphase it is possible to visualise the structure of the
chromosomes by immunofluorescence microscopy. In untreated metaphase spreads
the chromosomes most frequently adopt the characteristic x-shape with sister
chromatids being connected only in the centromeric region by cohesin (Panel 1 figure
3.11A). RNAi mediated knock down of Sgo-1 (shugoshin), which normally protects
centromeric cohesion (Watanabe, 2005), leads to a loss of sister chromatid cohesion
resulting in two separate sister chromatids (Panels 2-3 figure 3.11A). If there is
physical interlinking of the DNA, for example as a result of unresolved catenation,
the sister chromatids remain interlinked at varying positions along the chromosome
arms (Panels 4-5, figure 3.11A).
GFP-PKCe WT and GFP-PKCe D383/451N expression were induced alongside
RNAi mediated knock down of both endogenous PKCe and shugoshin, and the
metaphase spreads scored for the presence of separate or interlinked sister
chromatids (figure 3.11B-C). In the GFP-PKCe WT control an average of 43% (±10)
of the sister chromatids remain connected. This high basal level in these cells has
been reported previously (Brownlow et al., 2014) and may be an artefact of
incomplete Sgo-1 silencing. DLD-1 cells expressing GFP-PKCe D383/451N, in which
the proteolytic cleavage of PKCe is blocked, have an average of 78% (±5) chromatids
that remain interlinked after loss of centromeric cohesion, a significant increase
compared to the wild type control. The increase in interlinked sister chromatids was
recovered to wild type levels (30% ±3) by pre-incubation with recombinant TopoIIa,
supporting the argument that the increase in the observed interlinking between the
sisters was indeed a result of increased metaphase catenation.
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Figure 3.11 PKCe cleavage is required for decatenation.

(A) Representative images showing chromatids ± Sgo-1 knockdown ± catenation.
(B) Metaphase spread data showing the percentage of sister chromatids that remain
catenated in cells expressing GFP-PKCe wild type or non-cleavable mutant, following
siRNA mediated knockdown of endogenous PKCe, ± incubation with recombinant
TopoIIa (1U/mL in hypertonic solution). Data presented is an average of the means
of 3 independent experiments. Error bars show SD. Statistical difference from GFPPKCe WT was determined by T-test, ** P ≤ 0.01, ns P > 0.05. (C) representative
images of metaphase spreads. Scale bar = 10µm.
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3.4.3 Investigating the effect of PKCe cleavage on faithful segregation

Persistent catenation can lead to gross segregation errors as a result of the physical
interlinking of the sister chromatids, hindering faithful division of the DNA. These
segregation errors can manifest in a number of ways including nuclear abnormalities,
which may be observed by immunofluorescence microscopy. Aberrant nuclear
morphology such as irregularly shaped nuclei or the presence of binucleated cells
and micronuclei are indicative of mitotic failure (figure 3.12A). DLD-1 cells expressing
GFP-PKCe `WT and GFP-PKCe cleavage mutants (D383N, D451N and D383/451N),
in which endogenous PKCε was silenced, were cultured on coverslips for 48 hours.
A PKCe knockdown control was included as siPKCe is known to induce these
phenotypes (Saurin et al., 2009). ICRF-193 treatment was also used to assess the
effect of TopoIIa inhibition upon segregation. The cells were fixed and DNA, a-tubulin
and the nuclear envelope protein, lamina associated polypeptide 2B (Lap2B) were
stained to aid the scoring of nuclear morphology (figure 3.12B-D), corroborating
previously reported data RNAi knockdown of PKCe led to an increase in aberrant
nuclei. The increase observed with PKCe was equivalent to that observed with
TopoIIa inhibition, and a combination of the PKCe knockdown and TopoIIa inhibition
did not lead to further increase in the levels of aberrant nuclei scored (figure 3.12 B).
Expression of both GFP-PKCe WT and GFP-PKCe D451N resulted in a significant
decrease in the presence of aberrant nuclei in comparison to PKCe knockdown,
whereas cells expressing GFP-PKCe D383N or GFP-PKCe D383/451N had, on
average, a similar proportion of aberrant nuclei as observed in PKCe knockdown
conditions (figure 3.12 C). Experiments performed in the presence of ICRF-193
demonstrated similar levels of aberrant nuclei as observed with PKCe knockdown.
However, under these conditions, expression of GFP-PKCe WT or of the cleavage
mutants did not lead to any change in the levels of nuclear abnormalities (figure 3.12
D).
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Figure 3.12 PKCe cleavage is required to avoid segregation errors.

(A) Representative images of aberrant nuclei probed for DAPI, tubulin and Lap2𝛽.
Micronuclei, indicated with white arrow, represent a fragment of a chromosome not
incorporated into one of the daughter nuclei during cell division. Binucleate cells are
indicative of failure to complete cell division. Lobed phonotypes, indicated by orange
arrow, and DNA strands present between apparently separate nuclei, indicated by
green arrow, also indicate segregation failures. (B) Graph quantifying the level of
aberrant nuclei present in DLD-1 cells ± PKCe knock-down ± ICRF-193 (1µM)
treatment. (C) Graph showing the level of aberrant nuclei present in DLD-1 cells
expressing GFP-PKCe cleavage mutants in the background of endogenous PKCe
knock-down. (D) as (C) in the presence of ICRF-193 (1µM). The mean of three
independent experiments is represented by the graph. Significance of the variation
between samples was determined by T-test, ** P ≤ 0.01, * P ≤ 0.05, ns P > 0.05.
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Another indicator of segregation errors is the presence of anaphase bridges. These
bridges can be bulky chromatin bridges that are visualised using DAPI, or ultra-fine
anaphase bridges (UFBs), which are nucleosome-free and DAPI-negative and
require visualisation through associated antigens (Baumann et al., 2007, Chan et al.,
2007). Plk-1 checkpoint helicase(PICH) is known to bind to these fine DNA strands
and it has been suggested that PICH may be recruited to catenated DNA (Spence
et

al.,

2007).

PICH

was

employed

to

visualise

ultra-fine

bridges

by

immunofluorescence microscopy. Up to 20 anaphases were imaged per condition in
3 independent experiments, these were then scored for the presence of PICH
positive strands (PPS) and DAPI positive strands. Representative images of
anaphase DNA bridges are shown in figure 3.13 A. An increase in the number of
cells containing both DAPI positive (WT 27% (±3) vs D383/451 35% (±2) and PICH
positive (WT 19% (±7) vs D383/451 53% (±12) anaphase bridges was observed in
DLD-1 expressing the non-cleavable GFP-PKCe D383/451N compared to DLD-1
expressing GFP-PKCe WT with increases being seen in both the proportion of
anaphases with DAPI positive and the proportion of anaphases containing PICHpositive strands (figure 3.13 B-C).The increase in the number of anaphase bridges
indicates that blocking PKCe cleavage increases segregation errors, adding further
evidence to support the hypothesis that PKCe cleavage plays a role in mediating the
resolution of catenation.
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Figure 3.13 Blocking PKCe cleavage results in an increase in anaphase bridging.

(A) Representative images of anaphase bridges probed for PICH positive strands
(PPS), indicated by arrow. And DAPI positive bridge, indicated by asterisk (B) Graph
quantifying PICH positive strands (PPS) present in DLD-1 cells expressing GFPPKCe WT or D383/451N. (C) Graph quantifying DAPI bridges present in DLD-1 cells
expressing GFP-PKCe WT or D383/451N. All experiments carried out in the
background of endogenous PKCe knock-down. Graphs represent the mean of three
independent experiments. Significance of the variation between samples was
determined by T-test, ** P ≤ 0.01, * P ≤ 0.05.
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3.5 Discussion

The work detailed in this chapter demonstrates that a sub-set of PKCe present in a
chromatin associated compartment undergoes proteolytic cleavage early in mitosis.
It is also shown that this cleavage event is crucial to both the role of PKCe in
engagement of the TopoIIa mediated metaphase delay and in promoting efficient
decatenation.
Throughout this thesis PKCe gate keeper mutant (M486A) tagged at the N-terminus,
was used. The use of a GFP tag offers a range of advantages including, identification
of cells expressing the required protein and aiding in extraction of the desired protein.
It has however been shown that use of fluorescent tags such as GFP can, in some
cases, alter the localisation and behaviours of the proteins to which they are fused
(Min Zhu et al., 2013, Skube et al., 2010). Whilst the GFP-PKCe gate keeper mutant
construct has been well characterised and used in previous studies from the
laboratory (Brownlow et al., 2014, Saurin et al., 2009, Cameron et al., 2009), the
effect upon this specific localisation and proteolytic behaviour have not been
assessed. It the experiments detailed in this chapter it was possible to visualise both
endogenous PKCe and GFP-PKCe gate keeper mutant by western blot analysis.
Both the endogenous and GFP-tagged kinase could be seen in the chromatin
associated compartment and underwent proteolysis that was enriched with
prometaphase arrest. This suggests that GFP-PKCe gate keeper mutant is suitable
to use to study the observed cleavage event.
PKCe cleavage was shown to be common to a number of cell lines from varying
tissues of origin and transformation status, indicating a more broadly relevant
biological process. It is interesting to note that these cell lines have different
responses to catenation prior to mitotic entry. Throughout the cell cycle there are
several responses to persistent catenation the first of these is present at the G2/M
boundary. Cells arrest here if sufficient decatenation post replication has not
occurred, this prevents cells entering mitosis with excess levels of catenation
(Deming et al., 2001). Of the cell lines assessed for PKCe cleavage A549 and hTERT
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and RPE-1 have a robust G2 catenation checkpoint, and HEK293, DLD-1 and HeLa
cell lines have compromised G2 checkpoints. The G2 catenation checkpoint status
of the PKCe-/- MEFs was untested. It is known that PKCe is not required for the
functionality of the G2 catenation checkpoint, and as PKCe cleavage is not affected
by the status of this checkpoint it suggests that the metaphase response is not
directly triggered as a response to failures of the G2 catenation checkpoint. This is
further supported by the observation that the cleavage of PKCe is not influenced by
ICRF-193 inhibition of TopoIIa.

The PKCe cleavage events detailed in this chapter occurs at two aspartic acid
residues. Data obtained using D383/451N mutations of these sites demonstrated
that the aspartic acid residues are crucial for proteolysis to occur. As the caspase
family are proteases with a specificity for substrates containing an aspartic acid
residue at the cleavage site, this reliance for PKCe proteolysis supports a potential
role for caspase(s) in cleavage of PKCe. Whilst the caspase family is most commonly
linked to apoptotic processes there is a growing body of work describing nonapoptotic roles of caspase family members including involvement in processes linked
to cell cycle control (Hashimoto et al., 2008, Hsu et al., 2006). It is possible that the
PKCe cleavage described represents a novel non-apoptotic role for caspase. Whilst
previous in vitro studies make caspase an attractive possibility as the protease
responsible for PKCe cleavage (Basu et al., 2002) there are other proteases such as
calpain, which is known to cleave at residues within the V3 hinge region of PKC
family members. The physiological role of the calpain family is poorly understood
although they have been linked to several cellular processes including roles in cell
cycle progression (Jánossy et al., 2004). Identifying the protease responsible for
PKCe cleavage would aid understanding of the mechanism behind the spatiotemporal control of PKCe (see chapter 5).

It was not possible to visualise PKCe proteolysis in situ using antibodies raised
against the new amino terminui generated by PKCe cleavage. This could be the case
for many reasons. The exposed end may be rapidly degraded or modified following
cleavage. For example, N-terminal glycine residues are targets for myristoylation by
N-myristoyltransferase (NMT). This involves the covalent attachment of myristate, a
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14-carbon saturated fatty acid to the glycine residue (Farrazi, 2001). However,
preliminary studies, from the Tate laboratory (Francis Crick Institute) would indicate
that this site is not being myristoylated upon cleavage, and that NMT activity is not
required for the TopoIIa mediated metaphase delay. Further study into the fate of
this newly exposed end of the cleaved PKCe may aid in the detection of PKCe
fragments in situ which could further develop our understanding of the regulatory
processes involved PKCe cleavage, including but not limited to, the subcellular
localisation of the cleavage event.
The observed proteolysis occurs at two distinct sites within PKCe, aspartic acid
residues D383 and D451. The first of these, D383, sits in the V3 hinge region of the
kinase. Cleavage at this residue would separate the regulatory and catalytic domains
and generate a free kinase domain. The second site, D451, sits in the aC helix,
cleavage at this site would generate a truncated PKCe kinase domain. PKCe in the
native state is auto-inhibited with the active site being occupied by the pseudosubstrate region located in the regulatory domain. Lipid co-activator binding is
required to remove this auto-inhibition allowing activity of the kinase (Rosse et al.,
2010). However, accumulating evidence suggests that activation of PKCe is not
restricted to this established mechanism. Lipid-independent activation, important for
completion of cytokinesis, has been observed involving complex formation with the
scaffold protein 14-3-3 (Saurin et al., 2008). Early ex vivo work also detailed PKM, a
free, co-factor independent catalytic fragment generated by proteolytic cleavage
(Inoue et al., 1977). The observed cleavage of PKCe in the V3 hinge region could
allow for (sustained) PKCe activation independent of co-factor activation. Cleavage
of PKCe at D451 however would likely be deactivating. The aC helix is an important
structure for ATP binding, containing a conserved glutamate residue which is
important in generating a salt bridge that stabilises ATP in the active site. Loss of this
salt bridge is a strong indicator of inactivity of the kinase (Palmieri and Rastelli, 2013).
A cleavage event in this important structure would likely disrupt ATP binding and
therefore activity of the kinase.
The hypothesis that the 43 kDa and 35 kDa fragments could represent a
constitutively active kinase domain and an inactive truncated kinase domain
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respectively was further supported by the retention of priming phosphorylations. As
phosphorylation of the priming sites of the kinase are vital for the catalytic activity the
presence of priming site phosphorylation in the 43 kDa species indicates that the
cleaved kinase domain retains catalytic potential. Loss of this crucial priming in the
35 kDa species suggests that this PKCe fragment would not be able to support
catalytic activity, even if the kinase domain remained associated.
PKCe cleavage can be blocked with mutation of the crucial aspartic acid residues.
PKCe that can no longer be cleaved at the D383 site is not able to support the
engagement of the TopoIIa mediated catenation response. This demonstrates that
the described cleavage of PKCe to generate a free kinase domain represents an
important event in linking PKCe to the TopoIIa mediated catenation response. Whilst
the lipid co-activators of PKCe are present in the nuclei of cells, upon entry into
mitosis the nuclear envelope breaks down with many of the nuclear lipids being
redistributed to the cytoplasm and endoplasmic reticulum (Sun et al., 1997, Irvine,
2003, Güttinger et al., 2009). As a result, the co-activators required for PKCe
activation may not be readily available during the mitotic phase of the cell cycle. It is
possible that proteolytic cleavage at the D383 site functions as a mechanism to work
around this unavailability of lipid co-activation, representing a non-canonical
activation event. By separating the regulatory and catalytic domains of the kinase,
auto-inhibition

imposed

by

the

regulatory

domain

could

effectively

be

removed/weakened generating a constitutively active kinase, which can function
independently of the canonical activation pathways.
Blocking cleavage of PKCe at the D451 site has no obvious effect on the ability of
PKCe to support a metaphase delay in response to TopoIIa inhibition. The mutation
leads to neither an increase nor a decrease in the metaphase-anaphase transition
time observed upon ICRF-193 inhibition of TopoIIa. It is possible that cleavage at
this site is not biologically significant, and occurs as a non-specific bi-product of
cleavage at the D383 site, as the sequence flanking the D451 site represents a
canonical caspase cleavage site, and likely sits on an external, exposed region of
the kinase (see figure 3.14). It is also plausible that it may represent a degradation
product. Whilst the data presented does not exclude the potential for a functional role
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of this cleavage event, as a potential role would not appear related to the biological
processes explored in this thesis, further study of the importance of PKCe cleavage
at the D451 site sits outside the scope of the work presented, and as such will not
be followed up in this thesis.
PKCe has also been shown to be important for resolution of catenation. In conditions
where PKCe could no longer be cleaved, an increase in segregation errors were also
observed. This increase in segregation errors is likely due to the failure to properly
separate the sister chromatids, as evidenced by the presence of anaphase DNA
bridges and an increase in the number sister chromatids that remain connected in
metaphase spreads (Brownlow et al., 2014). These failings in the segregation
process led to gross mitotic failures manifesting in a range of aberrant nuclear
phenotypes. The presence of binucleate cells is indicative of mitotic failures in
cytokinesis, post nuclear envelope reformation. The presence of lobed nuclei,
micronuclei and other aberrant morphology is indicative of failures earlier in cell
cycle, prior to nuclear envelope reformation. As there is an increase in a combination
of all of these phenotypes it can be presumed that blocking PKCe cleavage results
in cells failing mitosis at a number of stages. This could be a factor of varying levels
of persistent catenation between cells.
The work detailed in this chapter shows that PKCe undergoes proteolytic cleavage
that is important for both the engagement of the TopoIIa mediated metaphase delay
and decatenation of the DNA. The location of the cleavage indicates that this may
represent an activation pathway of PKCe
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Figure 3.14 Developing model - PKCe undergoes proteolytic cleavage in mitosis

PKCe undergoes proteolytic cleavage in pro-metaphase at D383 and D451
generating a free catalytic domain fragment, and a truncated catalytic domain
fragment respectively. A free regulatory domain is also observed. This cleavage
event plays a crucial role in both efficient decatenation and engagement of the
topoIIa mediated metaphase response.
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Chapter 4.

Proteolytic cleavage represents a non-

canonical activation pathway.

4.1 Introduction

So far in this thesis a PKCe proteolytic cleavage event has been described that
occurs in prometaphase. This cleavage occurs in the V3 hinge of the kinase and
effectively separates the catalytic kinase domain and regulatory domain, which both
remain intact within the cell. PKCe, a nPKC family member is auto-inhibited in its
native state requiring the binding of lipid co-factors to displace the pseudo-substrate
region present in the regulatory domain from the active site (Ono et al., 1987, Rosse
et al., 2010). This releases auto-inhibition and allows for kinase activity. As the
cleavage of PKCe described functions to separate the regulatory and catalytic
domains of PKCe it is hypothesised that this cleavage event may function to remove
this auto-inhibition of PKCe, representing a non-canonical activation of PKCe
allowing for activity in novel cellular compartments and processes, in the absence of
canonical co-factor availability.
In this chapter evidence is presented to support this hypothesis, demonstrating not
only that cleaved PKCe retains its activity but also that a free, active kinase domain
is both required and sufficient for the roles of PKCe in modulating the TopoIIa
mediated metaphase delay as well and the regulation of efficient decatenation.

106

Chapter 4 Results

4.2 Evidence for kinase activity

4.2.1 PKCe activity is required for engagement of the TopoIIa mediated
metaphase delay

The current evidence for the role of PKCe in the TopoIIa mediated metaphase delay
indicates that it is dependent upon the activity of PKCe, as evidenced by a sensitivity
to PKCe inhibition (Brownlow et al., 2014). These observations were confirmed and
built upon by using a range of PKCe inhibitors. There are several agents that may be
used to inhibit PKCe activity. Two inhibitors commonly used in the laboratory are
BIM-1, a pan PKC inhibitor and Blu577, which has a 10-100-fold selectivity for PKCe
and PKC𝜂 compared to other PKC isoforms (Toullec et al., 1991, van Eis et al.,
2011). Both Blu577 and BIM-1 are ATP competitive inhibitors blocking PKC activity
by antagonising ATP binding in the active site of the kinase. Compound GSK481, a
novel inhibitor synthesized by GSK, is a PKCe specific inhibitor with a 20-fold
selectivity for PKCe compared to other PKCs (van Eis et al., 2011, Wu, 2016).
GSK481 is an allosteric inhibitor of PKCe binding distally from the active site. The in
vitro ATP depletion assay, ATP-Glo™, indicates that whilst BIM-1 and Blu577 inhibit
the activity of both the full-length PKCe and PKCe kinase domain, GSK481 is only
able to inhibit full-length PKCe, demonstrating an inability to inhibit the activity of
PKCe kinase domain (Segren, Parker–Unpublished). This specificity for the fulllength kinase is likely a feature of the allosteric nature of the inhibitor. This provided
an exciting opportunity for studying potential differences in behaviours of the fulllength kinase and the cleaved fragment. The specificity of compound 481 for fulllength PKCe was exploited to assess whether inhibition of the free kinase domain
generated by proteolytic cleavage of PKCe would have a differential effect on the
TopoIIa mediated metaphase delay than inhibition of the intact kinase.
DLD-1 cells expressing mCherry-tagged histone H2B, to visualise the DNA, were
imaged by the live cell time lapse microscopy. The cells were treated with either the
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ATP competitive PKCe inhibitors, Blu577, BIM-1 or with the allosteric inhibitor
compound GSK481 in the presence or absence of TopoIIa inhibition with ICRF-193.

In support of the published data, inhibition of PKCe with either Blu577 or BIM-1
reduced the metaphase delay observed upon ICRF-193 treatment. ICRF-193 treated
cells spent an average of 47±3 minutes in metaphase prior to anaphase entry, this
was reduced to 29±4 and 31±3 minutes with Blu577 and BIM-1 treatment
respectively. DLD-1 cells treated with a combination of ICRF-193 and compound 481
transited from metaphase-anaphase in an average of 50±3 minutes (figure 4.1). This
was comparable to TopoIIa mediated metaphase delay observed in the absence of
PKCe inhibition, which suggested inhibiting the full-length PKCe does not disrupt the
TopoIIa mediated metaphase delay. It is important to note that this assay contains
no internal measurement of PKCe activity upon inhibitor treatment. Further
experimentation will be required to validate this initial observation.
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A

B

Figure 4.1 PKCe inhibition and the TopoIIa mediated metaphase delay.

(A) DLD-1 cells were assessed for their response to PKCe inhibition. Cells were
treated with Blu577 (500nM), BIM-1 (500nM) or GSK418 (1µM) for 30 mins ± 1µM
ICRF-193 prior to time-lapse imaging and scored for the time to progress from
metaphase to anaphase. The mean of three independent experiments is represented
by the graph, where >100 cells per condition were analysed. Significance of the
variation between samples was determined by T-test, ** P ≤ 0.01, ns P > 0.05. (B)
Representative images of live cell assay showing metaphase plate alignment (time
point 0) and anaphase onset (asterisk).
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4.2.2 Cleaved PKCe retains crucial priming phosphorylation
Assessing the activity state of the cleaved species of PKCe was important for
developing an understanding of how this proteolysis could potentially impact cellular
function. The catalytic activity of PKCe requires phosphorylation of three key priming
sites; the activation loop (T566), the turn motif (T710) and the C-terminal hydrophobic
motif (S729) (Cenni et al., 2002). The retention of these priming site phosphorylations
was determined post cleavage by western blot analysis.
Cell lysates from DLD-1 expressing GFP-PKCe were probed with phosphoantibodies for the three sites. Phospho-specific signal could be seen for the activation
loop and C-terminal hydrophobic motif for both the full-length PKCe and the 43 kDa
fragment (figure 4.2A). No phospho-specific signal was observed in the 35kDa
fragment for the activation loop and C-terminal hydrophobic motif. The presence of
phospho-specific signal in the turn motif in the PKCe fragments could not to be assed
owing to limitations of the available phospho-specific antibody, even under conditions
using highly concentrated whole cell lysate in an attempt to reduce any possible dephosphorylation occurring post lysis (figure 4.2B). Several bands were observed
upon probing with the PKCe pS710 antibody but as these bands are present in both
asynchronous and nocodazole arrested populations, and cleaved PKCe is only
observed with nocodazole arrest it is unlikely that these bands represent specific
signals. The presence of priming site activation in the 43 kDa fragment, representing
the free kinase domain, would suggest that this fragment of PKCe could retain
catalytic activity.
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Figure 4.2 Priming site phosphorylation of PKCe cleavage products.

Western blot analysis of Triton-insoluble cell fractions isolated from asynchronous
and nocodazole (500 nM) arrested DLD-1 cells. Blots probed for PKCe phosphoT566 prior to stripping and re-probing for PKCe phosho-S729. The blot was further
stripped and probed for total PKCe and histone H3 (A) Whole cell lysates were
probed for PKCe phopho-T710 prior to stripping and re-probing for total PKCe (B).
Arrows indicate expected localisation of cleaved PKCe fragments.
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4.2.3 Inhibition of PKCe activity does not hinder cleavage.

Treatment with PKCe inhibitors is known to lead to a loss of the TopoIIa mediated
metaphase delay (Brownlow et al., 2014). Whilst it was likely that PKCe inhibition had
this effect as a direct result of blocking activity of the cleaved kinase domain, it was
also possible that the effect of inhibiting PKCe on the TopoIIa mediated metaphase
delay was result of blocking PKCe cleavage.

To test whether PKCe inhibition was having an effect on proteolytic cleavage of the
kinase, DLD-1 cells were treated with the selective PKCe inhibitor. Both
asynchronous and mitotically enriched populations were collected. The Tritoninsoluble cellular fractions were separated and analysed by western blot (figure 4.3).
The 43kDa and 35kDa PKCe cleavage products were not observed in either
untreated, or Blu577 treated asynchronous cells. The cleavage products could be
observed in cells enriched in mitosis with nocodazole, with a comparable amount of
PKCe cleavage being observed in synchronised cells treated with Blu577. These
data indicate that PKCe inhibition is not disrupting the TopoIIa mediated metaphase
delay by blocking PKCe proteolysis.
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Figure 4.3 Examining the effect of PKCe inhibition upon kinase cleavage.

Western blot showing PKCe cleavage in Triton-insoluble fraction isolated from GFPPKCe DLD-1 asynchronous and prometaphase arrested (nocodazole 500 nM) cell
populations ± ICRF-193 (1µM) and Blu577 (500 nM) treatment. Arrows indicate
cleaved PKCe. (B-C) Graphs showing average PKCe cleavage to the 43kDa
fragment (B) and 35 kDa fragment (C), from 3 independent experiments, as
determined by densitometry. Cleavage calculated as a percentage of lane total.
Significance of difference in PKCe cleavage compared to DMSO control determined
by t-test, ns P > 0.05.

113

Chapter 4 Results

4.2.4 PKCe cleavage is not dependent on 14-3-3 binding

PKCe may be also alternately activated by binding of the scaffold 14-3-3.
Phosphorylation of two residues, S346 and S368 in the V3-hinge region must be
phosphorylated for 14-3-3 binding (Saurin et al., 2008). Upon binding PKCe is held
in an open active conformation (Figure 4.4A). To ensure the observed cleavage
event does not occur as a result of this open conformation exposing residues in the
V3 hinge serine-alanine mutants of the 346 and 368 sites were used to disrupt 14-33 binding (Saurin et al., 2008). GFP-PKCe S346A, GFP-PKCe S368A and GFP-PKCe
S346/368A were transiently expressed in HeLa cells and both asynchronous and
mitotically enriched populations were collected. The Triton-insoluble cellular fraction
was analysed by western blot. All of the mutants demonstrated a similar cleavage
pattern to WT PKCe showing that 14-3-3 binding was not an important factor behind
PKCe cleavage.
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Figure 4.4 Exploring a potential influence of 14-3-3 binding on PKCe proteolysis.

(A) Schematic demonstrating 14-3-3 binding to the V3 hinge of PKCe and the relative
positioning of the 383-cleavage site. (B) Western blot showing PKCe cleavage in
Triton-insoluble fractions isolated from asynchronous and nocodazole (500 nM)
arrested DLD-1 populations expressing GFP-PKCe WT or 14-3-3 binding mutants
GFP-PKCe S346A, S368A, S346/368A. Arrows indicate cleaved PKCe.
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4.3 PKCe kinase domain is sufficient for catenation-associated
roles

4.3.1 Constitutive expression of PKCe kinase domain is sufficient to engage
the metaphase delay.

Cleavage of PKCe at D383 would effectively separate the kinase and regulatory
domains of PKCe. This event was hypothesised to generate a free kinase domain
that was required for the functional role of PKCe at the metaphase-anaphase
transition. To test this, a PKCe truncation mutant, GFP-PKCe cat., was utilised to
determine whether the kinase domain of PKCe was sufficient to support the PKCe
mediated metaphase delay. This mutant lacked residues 1-297 of PKCe, removing
the entire regulatory domain (C1, C2 and pseudo-substrate region) leaving the
kinase domain and a stretch of the V3 hinge region.
GFP-PKCe cat. was stably expressed in DLD-1, as described in 2.2.7, and the
metaphase-anaphase transition time measured by live cell time lapse imaging. DLD1 GFP-PKCe WT and DLD-1 GFP-PKCe D383/451N were also assessed as
experimental controls alongside RNAi mediated gene silencing of endogenous PKCe
(figure 4.5A). Following the experiment cells were lysed and the presence of PKCe
and cleavage products were observed by western blot (figure 4.5B). As expected, no
PKCe is present in RNAi knockdown conditions. GFP-PKCe WT and GFP-PKCe
D383/451N have a band present at ~110kDa, corresponding to GFP-tagged full
length PKCe. GFP-PKCe cat. has a band present at ~70kDa. GFP-PKCe WT and
GFP-PKCe cat. also have bands present at 43kDa and 35kDa, these are absent in
GFP-PKCe D383/451N expressing cells. These data confirm the expression of the
appropriate PKCe construct.
It has been previously demonstrated that the metaphase catenation delay observed
in response to ICRF-193 inhibition of TopoIIa was reduced upon RNAi mediated
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knockdown of PKCe, and that the delay could be rescued by exogenous expression
of PKCe (Brownlow et al., 2014). This thesis has also demonstrated that noncleavable PKCe was unable to recover the metaphase catenation delay. The data
presented supports these observations with cells transitioning from metaphaseanaphase in an average of 24(±2) minutes with PKCe knock down, 56(±4) minutes
with expression of WT PKCe, and 25(±4) minutes with expression of non-cleavable
PKCe. DLD-1 expressing GFP-PKCe cat. had an average metaphase-anaphase
transition time of 55(±5) minutes, which demonstrated a significant increase
compared to RNAi knockdown conditions with the delay being comparable to that
observed in the cleavable PKCe WT control. This indicated that GFP-PKCe kinase
domain is sufficient to support the TopoIIa mediated metaphase delay.
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Figure 4.5 PKCe kinase domain is sufficient for engagement of a metaphase delay
in response to TopoIIa inactivity.

(A) Parental DLD-1 cells or DLD-1 cells induced to express GFP-PKCe wild type, the
non-cleavable mutant (D383/451N) or kinase domain (cat.) were assessed for their
response to metaphase catenation. Cells were treated ± 1 µM ICRF-193 immediately
prior to time-lapse imaging and scored for the time to progress from metaphase to
anaphase. The mean of three independent experiments is represented by the graph,
where >50 cells per condition were analysed. Significance of the variation between
samples was determined by T-test, **** P ≤ 0.0001, ns P > 0.05. (B) Western blot
showing PKCe cleavage present in lysates collected after live imaging. Arrows
indicate PKCe cleavage products. (C) Representative images of live cell assays
showing metaphase plate alignment (time point 0) and anaphase onset (asterisk).
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4.3.2 Investigating the effect of PKCe kinase domain on catenation resolution.

To address whether a free PKCe kinase domain was also sufficient to support the
role of PKCe in the decatenation process, metaphase spreads from DLD-1
expressing GFP-PKCe cat. were analysed. The metaphase spreads were performed
as described in chapter 3, in cells with RNAi mediated knock-down of endogenous
PKCe expression (figure 4.6 A). Cells expressing the PKCe truncation mutant, GFPPKCe cat. had an average of 38(±27)% interlinked sister chromatids, comparable to
that observed in the WT control (31±25%) . These data suggest that PKCe kinase
domain is sufficient for the role of PKCe in the decatenation process.
The presence of nuclear aberrations, as a read-out of mitotic failure, was unable to
be scored with the GFP-PKCe cat mutant as prolonged expression of a constitutively
active PKCe kinase domain resulted in cell death, likely as a result of deregulation of
other cellular roles of the kinase.
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Figure 4.6PKCe cleavage is required for decatenation

(A) Metaphase spread data showing the percentage of sister chromatids that remain
catenated in cells expressing GFP-PKCe wild type or kinase domain only. Data
presented is average of the means of 3 independent experiments. Significance of
the variation between samples was determined by T-test, ns P > 0.05. (B)
representative images of metaphase spreads including inset showing chromatids.
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4.3.3 Recapitulating cleavage using a TEV-cleavable PKCe mutant rescues
the metaphase delay.

To verify the importance of PKCe cleavage for engagement of the metaphase
catenation response, the ability to rescue the response by artificially recapitulating
the cleavage was assessed. This was achieved by employing a TEV-protease
mediated system. TEV-protease has a high specificity for the sequence ENLYF\G,
with cleavage occurring before the glycine (Kostallas et al., 2011). This sequence
was inserted into the GFP-PKCe D383/451N construct immediately after the mutated
asparagine residue at position 383, so that targeted cleavage of PKCe after residue
383 could be achieved upon expression of TEV protease, imitating the native
cleavage at this site. A chemically induced dimerization system, using rapamycin to
facilitate dimerization of bipartite TEV protease, was employed to allow for temporally
controlled, site-specific cleavage of PKCe (Figure 4.7 A) (Sonntag and Mootz, 2011).

GFP-PKCe D383/451N containing TEV recognition sequence insertion (GFP-PKCe
TEV D383/451N) was stably expressed in DLD-1 cells in combination with the split
TEV protease (sTEVp) construct (Williams et al., 2009). The effect upon PKCe
cleavage was assessed by western blot analysis upon treatment with rapamycin or
equivalent DMSO control (Figure 4.7 B). In the absence of either sTEVp expression
or rapamycin treatment PKCe did not undergo proteolytic cleavage, however when
both the sTEVp construct and rapamycin were present in the system a band could
be observed at 43kDa that was recognised by the PKCe specific antibody. In DLD-1
cells expressing GFP-PKCe D383/451N without the TEV recognition sequence
insertion neither expression of sTEVp nor rapamycin treatment nor the combination
of the two resulted in PKCe cleavage.
This system was incorporated into a live cell assay to assess the recovery ability of
engineered PKCe cleavage. DLD-1 cells stably expressing GFP-PKCe wild type or
GFP-PKCe TEV D383/451N alongside sTEVp and mCherry-H2B were synchronised
in prometaphase using nocodazole. Rapamycin or equivalent DMSO vehicle was
added for 3 hours before exchanging the media to wash out the nocodazole, allowing
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cells to progress through mitosis in the presence or absence of ICRF-193 inhibition
of TopoIIa. The metaphase-anaphase transition time was scored as previously
(Figure 4.7 C).
In the absence of ICRF-193 treatment all cell lines progressed through to anaphase
in an average of around 15 minutes. With ICRF-193 treatment this average
metaphase-anaphase transition time increased to 47(±1) minutes in cells expressing
GFP-PKCe wild type, in line with previous observations. Rapamycin treatment and
TEV dimerization had no effect on the metaphase-anaphase transition time in these
cells with an average transition time of 48(±2) minutes being observed. Cells
expressing GFP-PKCe TEV D383/451N, which is unable to undergo proteolytic
cleavage, demonstrated a significantly reduced ICRF-193 induced delay in
comparison to wild type cells, spending an average of only 25(±2) minutes in
metaphase. These data again support previous observations. However, in these
cells, rapamycin treatment (which triggered PKCe cleavage) did have an effect on
the metaphase-anaphase transition time. Cells spent an average of 44(±1) minutes
in metaphase before entering anaphase, this was equivalent to the ICRF-193
induced delay observed in cells expressing wild type PKCe.
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Figure 4.7 Recapitulating PKCe cleavage

(A) Schematic representation of split TEV system. (B) Western blot showing TEVmediated cleavage of PKCe. Whole cell lysates of DLD-1 cells induced to express
GFP-PKCe cleavage mutants ± TEV protease sequence, ± expression of split TEV
plasmid (sTEVp) were treated ± rapamycin (100 nM). Arrow indicates cleaved PKCe.
(C) DLD-1 cells induced to express GFP-PKCe wild type or rapamycin-inducible
TEV-cleavage mutant were assessed for their response to metaphase catenation.
Cells were arrested in prometaphase with nocodazole (500 nM) for 3hrs followed by
2 hr incubation ± rapamycin (100 nM). Nocodazole was washed out and cells were
treated ± 1uM ICRF-193 immediately prior to time-lapse imaging and scored for the
time to progress from metaphase to anaphase. The mean of three independent
experiments is represented by the graph, where >100 cells per condition were
analysed. Significance of the variation between samples was determined by T-test,
**** P ≤ 0.0001, ns P > 0.05.
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4.4 Discussion

In this chapter, the requirement for activity of the free PKCe kinase domain has been
assessed. It has been shown that PKCe cleavage is required for the crucial roles of
the kinase in the decatenation process and the regulation of TopoIIa mediated
metaphase delay. The cleavage of PKCe generates a free kinase domain and the
corresponding free regulatory domain, both of which remain intact within the cell.
Whilst it is hypothesised that the cleavage of PKCe operates to offer novel catalytic
functionality, it was also possible that the cleavage products may have effects upon
cellular behaviour that operate independently of the catalytic activity of the kinase.
Either domain may show scaffolding ability or other interaction behaviours that
influence downstream signalling without requiring activity.
Whilst the activity of the resultant kinase domain fragment was not directly assessed,
due to experimental issues involved with the isolation of the fragment, it was shown
that following PKCe cleavage the free kinase domain retained the priming
phosphorylations required for activity. These data may not directly confirm that the
cellular behaviours observed require catalytic activity, but they do suggest that the
resultant free kinase domain would retain the ability to exhibit catalytic activity.
The previously reported requirement for PKCe activity for function at the metaphase
delay was verified by monitoring the effect of PKCe inhibition upon the metaphase to
anaphase transition time following TopoIIa inactivation. The two inhibitors that
function by binding to the ATP pocket of the kinase domain, Blu577 and BIM-1,
successfully bypassed the TopoIIa mediated metaphase delay, whilst the allosteric
inhibitor, GSK481, which inhibits PKCe activity by binding at a site distal to the ATP
binding pocket, had no effect on this delay. The differential effect of the inhibitors
could be a function of their different mechanisms of action. Whilst the ATP pocket
binding inhibitors have been shown in vitro to inhibit both the full-length kinase and
PKCe kinase domain, the allosteric inhibitor demonstrated specificity for full-length
PKCe over PKCe kinase domain, suggesting that function of this inhibitor requires
the intact protein.
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The data presented indicated that inhibiting the activity of the full-length PKCe did
not affect the function of the TopoIIa mediated metaphase response, adding weight
to the theory that this response is reliant upon the activity of a free kinase domain.
Further work will be essential to verify the potency and specificity of the allosteric
inhibitor in cells. The work described in this chapter does not include a marker of
PKCe activity within the cells imaged. As such the data presented needs to be
assessed with some caution. The strong conclusion that can be gained from the
various inhibitor treatments is the validation that PKCe activity is required for the role
of the kinase at the metaphase to anaphase transition.
PKC degredation has been shown to occur following prolonged activation of PKC
tethered to lipid membranes (Lu D et al., 2006). This raises the potential that the
cleavage event may be functioning downstream of PKCe activation, and as a result
the effect of inhibiting PKCe could be a function of failure to target the kinase to the
correct compartment for cleavage. Here it is demonstrated that PKCe activation is
not required for the events mediating PKCe cleavage. Inhibition of PKCe has no effect
upon the proteolytic cleavage of the kinase and therefore, inhibition of the kinase
must function post cleavage. This supports the hypothesis that the free PKCe kinase
domain demonstrates catalytic activity.
An influence of the regulatory domain in the system was discounted using rescue
experiments in which the PKCe kinase domain is expressed in the absence of the
regulatory domain. RNAi mediated knockdown of PKCe expression bypasses the
TopoIIa mediated metaphase response. Exogenous expression of PKCe kinase
domain can rescue the response in the absence of the regulatory domain, underlying
the importance of the PKCe kinase domain for the TopoIIa mediated metaphase
delay. It also demonstrated that the regulatory domain is dispensable for this cellular
response.
Taken together the data presented in this chapter support the hypothesis that the
cleavage of PKCe represents a non-canonical activation pathway that functions by
physically separating the kinase domain from the inhibitory control of the regulatory
domain. This adds to the growing body of work indicating that the repertoire and
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regulatory mechanisms of kinase activity can be expanded by engaging nonconventional activation strategies. Alongside an expanded cohort of second
messengers and scaffolding interactions this work demonstrates an emergent and
regulatable proteolysis pathway functioning in dividing cells to ensure protection of
DNA during the division process.

Figure 4.8 Developing model - PKCe is proteolytically cleaved to generate a
constitutively active kinase domain.

PKCe undergoes proteolytic cleavage in pro-metaphase at D383 to produce a free
kinase domain. This free kinase domain retains priming phosphorylation (pT566,
pT710 and pS729), and activity of the free kinase domain has crucial role in both
efficient decatenation and engagement of the topoIIa mediated metaphase
response.
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Chapter 5.

The proteolytic cleavage of PKCe is

mediated by caspase-7
5.1 Introduction

Hitherto, this thesis has detailed a proteolytic cleavage event. This event has been
demonstrated to be required for both the roles of PKCe in engagement of the TopoIIa
mediated metaphase delay and decatenation. This cleavage is likely to represent an
activating event by removal of the auto-inhibition of PKCe. The cleavage of PKCe
demonstrates discreet spatio-temporal regulation, with the cleavage event occurring
in a sub-set of PKCe present in a specific cellular compartment in a cell cycle
dependent manner. Investigating the mechanisms controlling this spatio-temporal
regulation of PKCe cleavage could provide further insight into the process.

The data presented in this chapter will demonstrate that the cleavage of PKCe is
modulated by the activity of caspase-7, describing a novel, non-apoptotic role for the
protease in cell cycle regulation. The mechanisms governing PKCe cleavage were
also shown to likely involve the modification of the V3 hinge region of the kinase,
aiding the understanding of how the cleavage event may be exquisitely controlled.
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5.2 Identifying the protease responsible for PKCe cleavage

5.2.1 Inhibition of caspase activity affects PKCe cleavage.

Work from the Basu laboratory has demonstrated that PKCe can be cleaved in vitro
by several caspase family members, caspases 3, 7 and 9 (Basu et al., 2002) , while
Cressman et. al. have shown that, in cell free conditions, PKCe can undergo calpainmediated proteolysis (Cressman et al. 1995). Both caspase and calpain family
members have been implicated in cell cycle control (Hashimoto et al. 2008)(Jánossy
et al. 2004). The potential involvement of these proteases in the observed mitotic
cleavage of PKCe was assessed using inhibitors to block the proteolytic activity of
the proteases. Caspase activity was inhibited using a class of cell-permeable,
irreversible peptide inhibitors, Z-VAD-FMK (N-Benzyloxycarbonyl-Val-Ala-Asp(OMe)

fluoromethyl

ketone)

Glu(OMe)-Val-Asp(OMe)

Z-DEVD-FMK
fluoromethyl

(N-Benzyloxycarbonyl-

ketone)

and

Asp(OMe)-

Z-LEHD-FMK

(N-

Benzyloxycarbonyl- Leu-Glu(OMe)-His-Asp(OMe) fluoromethyl ketone). Z-VADFMK is a pan caspase inhibitor, Z-DEVD-FMK is a selective caspase 3/7 inhibitor
and Z-LEHD-FMK inhibits caspase-9 activity. The control peptide Z-FA-FMK (NBenzyloxycarbonyl-Phe-Ala-fluoromethylketone) was also used to discount any nonspecific effects of the peptides. HeLa cells were treated with the relevant caspase
inhibitor or equivalent DMSO vehicle and enriched in mitosis using nocodazole. Cells
were harvested, lysed in Triton X-100 buffer and the presence of cleaved PKCe in
the Triton-insoluble compartment assessed by western blot using a PKCe antibody
raised against the c-terminus of the kinase (figure 5.1A).
Treatment with the negative control peptide, Z-FA-FMK, did not lead to a reduction
in proteolytic cleavage of PKCe compared to the untreated control. However,
treatment with the pan caspase inhibitor (Z-VAD) resulted in an average of greater
than 30% reduction in PKCe, with cleavage to both the 43kDa and 35kDa PKCe
fragments being significantly reduced. Inhibition of either caspase 3/7 (Z-DEVD) or
caspase-9 (Z-LEHD) also resulted in a significant decrease in PKCe cleavage, again
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with a reduction in cleavage to both the 43kDa and 35kDa PKCe fragments being
observed (Figure5.1B-C).
Calpain activity was inhibited using PD 150606, a potent, selective inhibitor of calpain
(Wang et al., 1996). HeLa cells were treated with 0.1µM, 1µM or 10µM PD-150606
or an equivalent DMSO vehicle, enriched in mitosis and PKCe cleavage assessed
as above. Inhibiting calpain activity did not reduce the proteolytic cleavage of PKCe
compared to the untreated control. On the contrary, at high doses of inhibitor an
increase in PKCe proteolysis was observed. This increase in proteolysis was
particularly observed in generation of the 35kD fragment.
These data suggested that the caspase family have a functional role in mediating
PKCe cleavage. It also demonstrated that it was unlikely that calpain was effecting
PKCe proteolysis. The increase in PKCe proteolysis with high dose calpain inhibition
may be a result of cell death, via caspase-dependent apoptosis and hence caspasemediated cleavage.
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Figure 5.1 The effect of protease inhibition upon PKCe cleavage.

(A) Immunoblot of GFP-PKCe DLD-1 assessing cleavage upon treatment with
caspase inhibitory peptides (B-C) Immunoblot quantification where the proportion of
cleaved 43kDa and 35kDa fragments of PKCe were determined by densitometry as
a percentage of lane total. (D) Immunoblot of GFP-PKCe to assess cleavage upon
treatment with caspase inhibitory peptides (E-F) Immunoblot quantification where the
proportion of cleaved 43kDa and 35kDa fragments of PKCe were determined by
densitometry as a percentage of lane total. Graphs denote the mean of 3
independent experiments and errors bars show SD. Significant decrease from
cleavage observed with siNTC was determined by T-test ( * P=≤0.05, ** P=≤0.01, ***
P=≤0.001).
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5.2.2 Caspase-7 mediates PKCe cleavage.

To further investigate the involvement of a specific caspase in this proteolytic event,
RNAi mediated gene silencing was utilised. DLD-1 cells were transfected with siRNA
targeting either caspase-3 (siCas3) or caspase-7 (siCas7), the two effector caspases
implicated in PKCe cleavage, or non-targeting control siRNA (siNTC). Following a 24
hour knock down, cells were enriched in mitosis and, as previously described, the
Triton-insoluble compartment fraction was probed for PKCe cleavage by western
blot. (figure 5.1A)
RNAi mediated gene silencing of caspase-3 did not significantly reduce the level of
PKCe cleavage compared to control cells. Caspase-7 knock down resulted in a
significant decrease in cleavage of PKCe to the 43kDa fragment, which represents
the free kinase domain of PKCe, but not the 35kDa fragment, which represents the
truncated PKCe kinase domain. Combined caspase 3/7 knock down resulted in a
decrease in cleavage of PKCe to both the 43kDa and 35kDa fragments (figure 5.1BC).

In no condition is PKCe cleavage completely blocked. This is perhaps not surprising
given that we are monitoring a proteolytic reaction that cannot be reversed – residual
activity can slowly execute the task with no counter-reaction. These data supported
the role for caspase in the cleavage of PKCe, and implicates caspase-7 is particularly
important for mediating PKCe proteolytic cleavage to generate the free kinase
domain.
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Figure 5.2 The effect of caspase knock-down upon PKCe cleavage.

(A) Immunoblot of GFP-PKCe to assess cleavage after knock-down of caspases 3
and 7, probed with PKCe, caspase-3, caspase-7 and GAPDH antibodies. (B,C)
Immunoblot quantification where the proportion of cleaved 43kDa and 35kDa
fragments of PKCe were determined by densitometry as a percentage of lane total.
Graph denotes the mean of 3 independent experiments and errors bars show SD.
Significant decrease from cleavage observed with siNTC was determined by T-test
( * P=≤0.05, ** P=≤0.01).
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5.2.3 Caspase-7 mediated PKCe cleavage is not a result of apoptosis.
Caspase family members are mainly associated with apoptotic roles. To ensure the
observed cleavage does not simply correlate to increased toxicity as a result of
synchronisation treatments or TopoIIa inhibition with ICRF-193 triggering apoptotic
programmes the viability of cells was assessed.
Trypan blue dye exclusion was used to assess the viability of cells. DLD-1 cells were
treated with nocodazole, ICRF-193 or a combination of the two treatments to
recapitulate the conditions frequently used throughout the thesis. Trypan blue is a
commonly used dye which does not enter living cells. The dye does however readily
enter cells in which the membrane has become permeable, as is the case with dying
cells, therefore the presence of trypan blue in cells can be used as a clear indicator
of dead or dying cells. After treatment, the cells and media were collected and trypan
blue dye added, the un-absorbed dye was washed away and the presence of trypan
blue positive cells measured. None of the treatment conditions alone, or in
combination demonstrated a decrease in the viability of cells (figure 5.3A).
PARP-1 (Poly (ADP-ribose) polymerase-1) cleavage was also assessed as a marker
of apopotosis. PARP-1 is cleaved during apoptosis into fragments of 89 and 24 kDa
and is a useful hallmark of apoptotic cell death (Kaufmann et al. 1993). DLD-1 cells
treated with doxorubicin were used as a positive control for apoptotic engagement
(Wang et al. 2004). Whole cell lysates were collected and the cleaved PARP
(Asp214) antibody, which recognises full-length and the 89kDA fragment of cleaved
PARP-1, was used to detect PARP-1 cleavage by western blot (figure 5.3B)
PARP-1 cleavage was observed in doxorubicin treated samples. Neither nocodazole
nor ICRF-193 treatment alone or in combination showed an increase in PARP
cleavage compared to untreated conditions (figure 5.3B). These data would indicate
that under conditions where PKCe cleavage had been observed, apoptosis is not
triggered.
A
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Figure 5.3 Treatment conditions resulting in increased PKCe cleavage do not show
an increase in cell death.

(A) Cell viability was assessed using trypan blue dye exclusion after 14h treatment
with nocodazole (500 nM) ± ICRF-193 (1 µM). Graph represents the mean of three
independent experiments. Statistical difference from DMSO control was determined
by t-test (ns P=>0.05) (B) Immunoblot of lysates treated with nocodazole (500 nM),
ICRF-193 (1 µM) or doxorubicin (500 nM) and probed for PARP and GAPDH.
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5.2.3 Caspase-7 is activated in mitotic cells

Having demonstrated the importance of caspase-7 for PKCe cleavage we began to
explore how caspase-7 is able to exert control over this cleavage event. Studies have
identified that expression of several caspase family members, including caspase-3,
caspase-7 and caspase-9, is increased during mitosis (Hashimoto et al., 2008, Hsu
et al., 2006).
For activity caspase-7 must undergo proteolysis from the pro-form to the active
protease (McIlwain et al., 2015). It has also been demonstrated that there is an
increase in the presence of the active from of several caspases including the initiator
caspases, caspase-8 and caspase-9 and the executioner caspases, caspase-3 and
caspase-7, after increasing time post release form a G1/S phase block, correlating
with time points associated with the mitotic phase (Hashimoto et al., 2008). The
presence of this cleaved, active form of caspase-7 was determined in DLD-1 cells
that had been synchronised in various cell cycle stages, to confirm previous
observations and further characterise the increase in active caspase-7. DLD-1 cells
were arrested at the G1/S boundary, (Thymidine), G2/M boundary (RO-3306) or in
prometaphase (nocodazole). Whole cell lysates were prepared and the presence of
activated caspase-7 was determined by western blot (figure 5.4).
Full length caspase-7 could be observed in all of the samples, the cleaved band
representing activated caspase-7 was only visible in cells arrested in prometaphase
with nocodazole treatment. This suggests that there is an increase in the active form
of caspase-7 in mitotic cells, correlating with the timing of PKCe cleavage.

135

Chapter 5. Results

Figure 5.4 Cleaved caspase-7 is observed in prometaphase arrested cells.
Immunoblot of caspase-7 in Triton-insoluble fraction of DLD-1 cells synchronised in
pro-metaphase with nocodazole (500nM). Immunoblot was probed with caspase-7
antibody recognising both pro and active (cleaved) forms of caspase-7, and anti-H3
to control for loading. Representative image of 3 independent experiments.
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5.3 Investigating modification of PKCe cleavage site

5.3.1 Visualisation of PKCe peptide cleavage in vitro.

There are several modifications of PKCe which occur during mitosis, these include
alterations in the phosphosite-profile of the kinase. It has been demonstrated that
Serine residues such as S346 and S368 become phosphorylated whilst other
phosphorylations are lost (Durgan et al., 2008). There is evidence in the literature
and unpublished work from the laboratory that indicate that serine residues flanking
the 383-cleavage site are phosphorylated in mitosis, (Dulla et al 2010). This raises
the potential that modification of the flanking sequence may have an effect on the
cleavage event.

To investigate the hypothesis that PKCe modification was required for caspase-7
cleavage an in vitro peptide assay was configured. This system utilised a
fluorescence resonance energy transfer (FRET) system. Peptides were designed
with an N-terminal Dabcyl group and a C-terminal EDANS group (Krafft and Wang,
1991). The optimal emission wavelength of EDANS is 490 nm, and the maximum
absorbance wavelength of Dabcyl is 472 nm. The overlap of the emission spectra of
EDANS and the absorbance spectra of Dabcyl means that when in close proximity
(10–100 Å), the energy emitted from EDANS will be quenched by Dabcyl, resulting
in low or no fluorescence (Guo et al., 2014). Separation of the Dabcyl and EDANS
groups (eg by peptide cleavage) results in an increase in fluorescent signal (figure
5.4A-B).
The activity of the recombinant caspase-7 was tested using the synthetic fluorogenic
peptide Ac-DEVD-AMC. Enzymatic cleavage of this test peptide releases the
fluorescent

AMC

(7-amino-4-methylcoumarin)

which

can

be

detected

by

spectrofluorometry. Incubating the peptide with increasing concentrations of
recombinant caspase-7 led to an increase in fluorescence signal, indicating that the
recombinant caspase-7 was indeed active (figure 5.4C).
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This system was exploited to test the efficiency of cleavage of PKCe cleavage-site
peptides by recombinant caspase-7. As data obtained in cell uses expression of
murine PKCe peptides were generated representing this murine PKCe sequence.
This peptide cleavage system was first tested using a trypsin digest. Trypsin is a
serine protease that has been demonstrated to cleave peptide chains, at arginine
and lysine residues (Keil, 1971). A peptide representing the PKCe D383 cleavage
site, Dabcyl-GEEHRAASSATDGQLMSPGEN-EDANS, was synthesised. As this
peptide contained arginine residues incubation with trypsin should result in cleavage
of the peptide and an increase in fluorescent signal.
A range of concentrations of the peptide was incubated in the presence or absence
of trypsin for 15 minutes and the fluorescence at 480nM measured. The level of
cleavage of the peptide was assessed by calculating the difference between the
background fluorescent signal of the undigested peptide and the fluorescent signal
observed upon trypsin digest (figure 5.4D). Trypsin digest resulted in an increase in
fluorescent signal, demonstrating that cleavage of the peptide could be observed by
monitoring an increase in fluorescence. From this assay, it was determined that 10
µM of peptide should be used to provide a suitable dynamic range for the assay.
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Figure 5.4 In vitro peptide cleavage assay.
(A) Schematic showing the emission and absorbance spectra of the Dabcyl and
EDANS fluorophores (B) Schematic representing the peptide cleavage assay. (C)
Graph demonstrating cleavage of AMC test peptide with increasing concentrations
of recombinant caspase-7. (D) Graph showing increasing fluorescent signal
generated by incubating increasing concentrations of Dabcyl-EDANS tagged peptide
with trypsin. Data is represented as arbitrary units, normalised to background
fluorescence levels.
C
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Having demonstrated the functionality of the system an expanded series of peptides
were generated representing the unmodified and phosphorylated S379, S380 PKCe
sites. The canonical caspase-7 cleavage site, DEVD, consists predominantly of
negatively charged amino acids, therefore PKCe cleavage site peptides containing
serine-aspartic acid substitutions were also generated to act as a positive control. A
negative control peptide was also generated that contained a substitution of the
crucial aspartic acid residue. The full list of peptide sequences used in the
experiment are shown in figure 5.5A.
As had been previously demonstrated trypsin was able to cleave a Dabcyl-EDANS
conjugated peptide to generate an increase in fluorescent signal. The expanded
series of peptides were incubated with trypsin and the increase in fluorescent signal
determined as above (figure 5.5B). The increase in fluorescent signal observed as a
result of trypsin mediated cleavage was reduced for peptides containing phosphate
modifications. This was particularly pronounced for the doubly phosphorylated form.
It was observed that peptides containing phosphate groups had higher background
fluorescence than the peptides lacking a phosphate group (Figure 5.5C). This could
indicate that the presence of the bulky phosphate groups is sufficient to disrupt the
fluorophore-quencher relationship of the Dabcyl and EDANS groups, potentially
masking any effect of caspase-7 mediated cleavage of the peptide.
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Figure 5.5 Caspase-7 cleavage of PKCe peptides.

(A) Sequences of Dabcyl-EDANS PKCe peptides, variations from unmodified peptide
sequence are highlighted in red. (B) Graph showing the increase in fluorescence
observed upon incubation of the Dabcyl-EDANS peptides following incubation with
trypsin. (C) Graph showing the background fluorescence of the Dabcyl-EDANS
peptides.

141

Chapter 5. Results

To address this issue an alternative readout of peptide cleavage was employed. The
experiment described above was repeated with peptides being incubated in the
presence or absence of recombinant caspase. Reactions were incubated for 30
minutes at 37°C with agitation. The reactions were then analysed by highperformance liquid chromatography mass spectrometry (HPLC-MS). A peptide
containing

a

D-N

substitution

at

the

caspase-7

cleavage

site

(Dabcyl-

GEEHRAASSATNGQLMSPGEN-EDANS) was also included as a negative control.
By overlaying the HPLC-MS traces obtained with peptide incubated in the presence
or absence of recombinant caspase-7 it is possible to observe any cleavage of the
full-length peptide. Overlay of the HPLC-MS traces obtained with the negative control
peptide shows identical traces with a peak representing the complete peptide,
showing that the peptide has not been cleaved upon incubation with caspase-7
(figure 5.6A). However, with peptide containing S-D substitution a new peak,
exclusive to the recombinant caspase-7 condition, emerges (figure 5.6 B). Peptide
cleavage will generate two new species, the second of these is not visible as an
emergent peak as it has a similar flight time to the full-length peptide. Instead a shift
to the left can be observed upon incubation of the S-D substituted peptide. Overlay
of the traces obtained from the unmodified and phosphorylated peptide, all showed
identical peak patterns with no evidence of caspase-7 mediated cleavage of the
peptides (figure 5.6 C-F). A set of peptides representing the human PKCe sequence
was also generated (figure 5.7A). In this peptide series, a peak representing the
cleaved peptide was also only observed in the S-D substituted peptide, with
unmodified and phospho-peptides showing no evidence of caspase-7 mediated
cleavage (figure 5.7B-E).
The data obtained by HPLC-MS supported the previous data confirming that neither
unmodified nor phosphorylated peptides are suitable caspase-7 cleavage sites in
vitro. This would indicate that modification of PKCe by phosphorylation of the flanking
serine residues is unlikely a driving factor in the recognition of PKCe by caspase-7.
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Figure 5.6 HPLC-MS trace alignment for PKC cleavage site peptides

(A-F) Peptide cleavage measured by HPLC mass spec ± recombinant caspase-7
(1U). Blue arrow denotes full length peptide peaks red arrows denote cleaved
peptide peak.
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Figure 5.7 HPLC-MS trace alignment for PKCe cleavage site peptides (Human
sequences)

(A) Sequences of human variants of Dabcyl-EDANS PKCe peptides, variations from
unmodified peptide sequence are highlighted in red. (B-E) Peptide cleavage of
peptides based on human PKCe sequence measured by HPLC mass spec ±
recombinant caspase-7 (1U). Blue arrow denotes full length peptide peaks red
arrows denote cleaved peptide peak.
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5.3.2 PKCe phosphorylation does not influence cleavage.
To assess effects in cells, serine-alanine point mutants were engineered to block
phosphorylation of the serine residues flanking the cleavage site of PKCe. The single
mutants S379A, S380A and the double mutant S379/380A were engineered into the
GFP-PKCe sequence. These mutants were then expressed in DLD-1 cells, in which
endogenous

PKCe

had

been

silenced,

by

transient

siRNA

transfection.

Asynchronous and nocodazole arrested populations were lysed in Triton X-100
buffer and the presence of cleaved PKCe determined by western blot analysis. DLD1 cells expressing the non-cleavable mutant (GFP-PKCe D383/451N) were included
as a negative control for the assay.
PKCe cleavage was predominantly observed in nocodazole arrested cells, and no
cleavage was observed in cells expressing GFP-PKCe D383/451N. Corroborating in
vitro data, expression of PKCe phospho-mutants GFP-PKCe S379A, S380A or
S379/380Aand S380 had equivalent PKCe cleavage to cells expressing GFP-PKCe
WT (figure 5.8A). This suggests that phosphorylation of PKCe at residues proximal
to the cleavage site does not increase the efficiency of the cleavage process.
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Figure 5.8 Blockade of potential phosphorylation of serine residues in the V3 hinge
of PKCe does not affect cleavage

(A-B) Immunoblots showing PKCe cleavage of GFP-PKCe WT, GFP-PKCe
D383/451N and phospho-mutants from Triton X-100 insoluble fraction of DLD-1 cells
arrested in nocodoazole (500 nM). The presence of N-terminal and C-terminal
fragments was assessed by probing for GFP (A) and PKCe (B)respectively. Arrow
indicates the free kinase domain fragments. Experiment performed by Dr. Tanya
Soliman.
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5.4 Studying the effect of caspase-7 upon metaphase to
anaphase transition timing.

5.4.1 Caspase-7 is required for the TopoIIa mediated metaphase delay.

In this chapter, it has been demonstrated that caspase-7 is able to mediate PKCe
cleavage and the mechanisms behind how this may be controlled have been
explored. As the cleavage of PKCe has been shown to be required for proper
engagement of a TopoIIa meditated metaphase delay, it can be extrapolated that
caspase-7 activity should influence this delay. To test whether caspase-7 was
required for the function of the TopoIIa mediated delay, a live-cell time-lapse
microscopy approach was utilised. DLD-1 cells expressing mCherry tagged histone
H2B and GFP-PKCe WT, were transfected with siCas7 or the control siRNA, siNTC.
After 24-hour incubation, to allow for knock down of protein expression, cells were
imaged for a 24-hour period and the metaphase-anaphase transition time scored
(figure 5.9A). Following the experiment, whole cell lysates were collected and
western blotting used to verify successful knock down of caspase-7 (figure 5.9B).
In the absence of ICRF-193 both the control cells and casase-7 knock down cells
transited from metaphase-anaphase in around 15(±1) minutes. Upon treatment with
ICRF-193 the TopoIIa mediated metaphase delay was triggered and metaphaseanaphase transition time was extended to an average of 47(±3) minutes. In cells in
which caspase-7 expression had been knocked down the TopoIIa mediated
metaphase delay was significantly reduced, with cells transitioning from metaphaseanaphase in an average of 26(±3) minutes. Representative images are presented in
figure 5.9C. These data confirm the importance of caspase-7 for the proper
functioning of this delay.
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Figure 5.9 Caspase-7 is required for engagement of a metaphase delay in
response to TopoIIa inactivity.

(A) Graph showing the metaphase to anaphase transition time in DLD-1 cells
following knock-down of caspase-7. Cells were treated ± 1µM ICRF-193 immediately
prior to time-lapse imaging and scored for the time to progress from metaphase to
anaphase. The mean of three independent experiments is represented by the graph,
where >100 cells per condition were analysed. Significance of the variation between
samples was determined by T-test, *** P ≤ 0.001 (B) Western blot of lysates collected
after live imaging, probed for caspase-7 and GAPDH. (C) Representative images of
live cell assay showing metaphase plate alignment (time point 0) and anaphase
onset (asterisk).
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5.4.2 The TopoIIa mediated metaphase delay in cells expressing free PKCe
kinase domain is insensitive to caspase-7 knock down.

There is a growing body of work implicating caspases in the cell cycle processes
including processes that affect cell cycle timing (Hashimoto et al. 2008). It was
necessary to determine if the effect of RNAi mediated caspase-7 knock down on the
TopoIIa mediated metaphase delay is a result of effects upon PKCe cleavage and
not a PKCe independent effect of casapse-7 knockdown. To test this, the effect of
caspase-7 knock down was investigated in cells expressing GFP-PKCe cat.

DLD-1 cells expressing GFP-PKCe cat, in which endogenous PKCe was silenced,
were transfected with siCas7 or the control siRNA, siNTC. 24 hours post transfection
cells were treated with ICRF-193 or the equivalent DMSO vehicle and imaged by
live-cell time-lapse microscopy (figure 5.10A). Following the experiment, whole cell
lysates were collected and western blotting used to verify successful knock down of
caspase-7 (figure 5.10B). Representative images are presented in figure 5.10C.

DLD-1 expressing GFP-PKCe cat transited from metaphase-anaphase to anaphase
in an average of 49(±5) minutes upon treatment with ICRF-193, demonstrating a
functional TopoIIa mediated metaphase response. Upon RNAi mediated knockdown
of caspase-7 the GFP-PKCe cat transited from metaphase-anaphase to anaphase
in an average of 44(±4) minutes upon treatment with ICRF-193, this is comparable
to the metaphase-anaphase transition time observed with siNTC (49(±5)), indicating
that caspase-7 knockdown does not affect the TopoIIa mediated metaphase delay
when the active kinase domain fragment of PKCe is expressed.
The observation that cells expressing free kinase domain are insensitive to caspase7 knock down supports the hypothesis that the effects of caspase-7 knock down
upon the TopoIIa mediated metaphase delay are mediated through PKCe cleavage.
If free PKCe kinase domain is present in the cell, there is no longer a reliance on
caspase-7 to cleave WT PKCe and so engage the TopoIIa mediated metaphase
delay.
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Figure 5.10 Cells expressing PKCe kinase domain are insensitive to caspase-7
knockdown.

(A) Graph showing the metaphase to anaphase transition time in DLD-1 cells
induced to express GFP-PKC cat. following knock-down of caspase-7. DLD-1 cells
were treated ± 1µM ICRF-193 immediately prior to time-lapse imaging and scored
for the time to progress from metaphase to anaphase. The mean of three
independent experiments is represented by the graph, where >100 cells per
condition were analysed. Significance of the variation between samples was
determined by T-test, **** P ≤ 0.0001, ns P > 0.05. (B) Western blot of lysates
collected after live imaging, probed for caspase-7 and GAPDH. (C) Representative
images of live cell assay showing metaphase plate alignment (time point 0) and
anaphase onset (asterisk).
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5.5 Discussion

The work detailed in this chapter demonstrates that caspase-7 plays a crucial role in
mediating the cleavage of PKCe to generate the free, active kinase domain required
for efficient decatenation and engagement of the TopoIIa mediated metaphase
delay. Details of a potential regulatory mechanism were also described for mitotic
PKCe cleavage helping to build a clearer picture of how an executioner caspase with
well documented roles in apoptosis is able to exert spatio-temporal regulation over
the activity of non-apoptotic proteins. There is a growing body of work indicating a
broader range of non-apoptotic roles of the caspase family (Zeuner et al., 1999,
McIlwain et al., 2015, Solier et al., 2017). It has been demonstrated that caspase
activation is not a point for irreversible triggering of apoptotic programmes but rather
occurs upstream from ‘the point of no return’ in apoptotic engagement (Jäättelä et
al., 1998).Non-apoptotic roles for caspase have been indicated in a range of cellular
behaviours such as, immune cell proliferation, T-cell stimulation and neurological
disorders (Li et al., 2010, Hyman, 2011,Frost, 2001 #942, Alam et al., 1999) and
several caspase family members have also been linked to mitotic roles (Hashimoto
et al., 2008, Newton and Strasser, 2003).
There are 14 members of the caspase family, broadly categorised based on cellular
function. The apoptotic caspases are further sub-classified by their mechanism of
action. One feature of the caspase family is that they are expressed as inactive proforms. Initiator caspases (caspase-8 and caspase-9) are activated by dimerization,
whereas the executioner caspases (caspase-3, caspase-6 and caspase-7) are
activated as a function of cleavage by initiator caspases. Previous work indicated
that the initiator caspase-9 and the executioner caspases 3 and 7 could
proteolytically cleave PKCe, and in contrast to the usual apoptotic function of
caspase pathways, it was demonstrated that PKCe cleavage had anti-apoptotic
effects in the cell (Basu et al., 2002).
Work presented in this thesis has already demonstrated that PKCe cleavage also
occurs during mitosis and data in this chapter confirms that this event is mediated by
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caspase activity, and specifically the activity of caspase-7. Inhibition of caspase
activity with either the caspase-3/7 or caspase-9 targeting peptides reduced PKCe
cleavage. Caspase inhibitory peptides are based upon the reported optimal substrate
recognition motifs of the individual caspases (Garcia-Calvo et al., 1998). Whilst the
peptides are able to efficiently inhibit caspase activity the selectivity of the inhibitors
is limited. It has been shown that there is significant cross-reactivity for non-target
caspases at levels used in cellular assays (Berger et al 2006, Pereira and song
2008). Therefore, data gained from caspase inhibitors is sufficient to demonstrate a
crucial role for caspase in the PKCe cleavage event but not for examining the
involvement of specific caspases.
Further investigation utilised siRNA mediated knock down of caspase. Caspase-3
and caspase-7 were investigated for their individual roles in PKCe cleavage. It was
shown that the knock-down of caspase-7 was sufficient to reduce PKCe cleavage at
the 383-site, effectively blocking the release of free PKCe kinase domain. Combined
caspase-3/7 knock-down was not able to further reduce PKCe cleavage. The
reduction of PKCe cleavage observed with caspase-7 knock-down was also sufficient
to disrupt the engagement of the TopoIIa mediated metaphase delay, indicating a
key role for the function of this caspase in cell cycle response. It is however worth
noting that complete inhibition of PKCe cleavage was not achieved. This is likely a
factor of incomplete caspase-7 knock-down, as small levels of caspase-7 remain
visible by immunoblot in siCas7 treated cells. There is also the potential that other
proteases are able to mediate, to some extent, PKCe cleavage. Notably caspase-9
was not included in this study due to reagent availability. Further investigation with
different combinations of caspase family member siRNA may be able to further inhibit
PKCe cleavage. However, as caspase-7 knock-down was sufficient to phenocopy
the effect of blocking PKCe cleavage, it can be concluded that caspase-7 is a key
mediator of cleavage of PKCe in prometaphase.
Knock-down of both caspase-3 and caspase-7 was required to reduce the cleavage
at the D451-site indicating that cleavage at this site can be mediated by caspase, but
that this cleavage event does not demonstrate the same caspase-7 specificity as
cleavage at the D383-site.
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Identification of the protease responsible for the PKCe cleavage phenotype allowed
for further investigation into the mechanisms governing the spatio-temporal
regulation of the cleavage event. Caspase-7 activity has been shown to vary
throughout the cell cycle with an increase being observed during mitosis (Hashimoto
et al., 2008). Whilst it is possible that the temporal control of PKCe cleavage could
be explained by an increase in the protease responsible for the cleavage event, data
presented in this chapter indicate that it is a more tightly regulated event.
Another possibility for the temporal control of PKCe cleavage is modification of the
PKCe itself. It is interesting to note that the sequence surrounding the critical D383
site is not an obvious caspase target. The site of cleavage in PKCe contains the
essential aspartate residue but is otherwise distinct from the canonical recognition
sequence for caspase-7. It has previously been reported that phosphorylation of
caspase recognition site can both negatively and positively influence cleavage of
caspase substrates (Turowec et al., 2014). It has also been demonstrated in a
cellular context that phosphorylation of substrate recognition sites increases the
ability of caspase-8 to cleave specific substrates (Dix et al., 2012). In vitro data
employing peptides to explore caspase-7 cleavage indicated that un-modified PKCe
was not a caspase-7 substrate. However, amino-acid substitutions that introduced a
negative charge at the proximal S380 residue was sufficient to promote in vitro
cleavage of peptide substrate by caspase-7. This led to the hypothesis that
phosphorylation of PKCe S380 may be required to make the D383-site a suitable
caspase-7 substrate. This hypothesis was not supported in vitro as peptides
containing phosphate at S380 also failed to be demonstrably cleaved by recombinant
caspase-7.
Alongside the factors directly associated with caspase activity such as dimerization
and cleavage, post-translational modifications (PTMs) including phosphorylation,
ubiquitination, SUMOylation and acetylation play an important role in regulating the
activity of caspase family members. These PTMs can allow fine tuning of caspase
behaviour by enhancing/reducing enzymatic activity and altering the activity towards
particular

substrates

(Zamaraev

et

al.,

2017),

for

example,

caspase-7

phosphorylation by p21 activated kinase (PAK2) has been shown to reduce activity
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of the protease (Parish, 2013). The recombinant caspase-7 used in this assay may
lack PTMs required to drive activity of the protease towards the relevant substrate
sequence for PKCe cleavage. We know very little about the modification state of
caspase-7 involved in PKCe cleavage and further work to assess PTMs present in
caspase-7, particularly the activated caspase-7, in mitotic cells could provide a more
suitable experimental set up to test caspase-7 cleavage in vitro and insight into the
regulation of caspase-7 mediated PKCe cleavage.

Figure 5.11 Caspase cleavage sites in PKC

Alignment of PKC isoforms and PARP caspase cleavage sites. The caspase
recognition sequence is highlighted, black arrow indicates site of cleavage and green
arrow indicates the conserved, negatively charged residue, present in all sequences
except the PKCe D383 cleavage site.

Other PKC family members including PKCd, PKCh, PKCq are similarly cleaved by
caspase in the V3 hinge region to separate the regulatory domain and catalytically
active kinase domain (Endo et al., 2000, Datta et al., 1997, Emoto et al., 1995),
however these responses are pro-apoptotic signals. The outcome of caspase 7
cleavage of PKCe appears to be different in that there was no evidence of an
apoptotic programme being triggered. It is interesting to note that these other
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isoforms actually encode canonical caspase-7 cleavage sites in the V3 hinge region
(figure 5.11) whereas PKCe does not. The vastly different cellular responses to the
cleavage of different PKC isoforms could be due to the regulation that is able to be
imposed upon PKCe cleavage by the requirement for caspase-7 modification to
permit cleavage.
Combined the data presented in this chapter would indicate that modification of
caspase-7 is required for controlled cleavage of the PKCe. Therefore, the spatiotemporal regulation of PKCe cleavage may be controlled by the mechanism driving
caspase-7 modification.

Figure 5.12 Developing model - PKCe undergoes caspase-7 mediated cleavage
generating a constitutively active kinase domain.

PKCe undergoes proteolytic cleavage in pro-metaphase at D383 to produce a
constitutively active kinase domain. This cleavage event is mediated by caspase-7
and activity of the free kinase domain has crucial role in both efficient decatenation
and engagement of the topoIIa mediated metaphase response.
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Chapter 6.

Proteolytically activated PKCe drives

cellular behaviours through Aurora B and TopoIIa

6.1 Introduction

The data presented in the previous chapters has provided evidence for a signalling
pathway operating through a non-canonical activation of PKCe. The model proposed
involves caspase-7- mediated proteolytic cleavage of PKCe separating the
regulatory and catalytic domains of the kinase, functionally activating PKCe. This
combination of phosphorylation and proteolysis functions together to provide
exquisite spatio-temporal control over the generation of a co-factor independent,
active PKCe. Once activated PKCe is involved in employing a protective program
avoiding cell cycle progression before sufficient decatenation has occurred, through
the engagement of a TopoIIa mediated metaphase delay.

There is evidence in the literature indicating that PKCe activity can engage the
TopoIIa mediated metaphase delay by blocking streaming of a sub-set of SAC
proteins from the kinetochore of bio-oriented chromosomes (Brownlow et al., 2014).
This chapter will explore the signalling cascade by which PKCe propagates the
signalling pathway required for this engagement, and also how the free active kinase
domain promotes efficient decatenation.
A relationship between PKCe and Aurora B, a master regulator of cell cycle, has
been described (Pike et al., 2016). Phosphorylation of certain residues of Aurora B
have been demonstrated to be crucial for Aurora B activity. Phosphorylation of
Aurora B at T232, which is driven by interaction with inner centromere protein
(INCENP) is essential for Aurora B activity and function (Yasui et al., 2004).
Phosphorylation of the proximal S227, has been shown to be important for the
completion of cytokinesis, and there is evidence that phosphorylation of this site is
dependent upon the availability PKCe (Pike et al., 2016). The data presented will
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further characterise the interaction of Aurora B and PKCe and explore how this could
be relevant to the function of the TopoIIa in decatenation as well as modulation of
the metaphase to anaphase delay.
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6.2 Exploring the effect of Aurora B S227 phosphorylation

6.2.1 Aurora B S227 phosphorylation is required for the TopoIIa mediated
metaphase delay.

The potential for involvement of Aurora B S227 phosphorylation at earlier phases of
the cell cycle was assessed. The DLD-1 cell line stably expressing GFP-Aurora B
with an S-A point mutation of S227, rendering the site non-phosphorylatable was
utilised to study the phenotypic effects of blocking Aurora B phosphorylation.
The metaphase-anaphase transition time was measured using live-cell time-lapse
microscopy in DLD-1 cells expressing either GFP-Aurora B WT or S227A, in which
endogenous expression of Aurora B was silenced using RNAi targeting the 3’UTR of
the kinase (figure 6.1 A). Aurora B localises to the chromatin during mitosis and as
such the GFP signal allows visualisation of the DNA. Representative images can be
seen in figure 6.1B
DLD-1 cells expressing either GFP-Aurora B WT or S227A took approximately 15
(±1) minutes to transition metaphase-anaphase. In cells expressing GFP-Aurora B
WT inhibition of TopoIIa using ICRF-193 resulted in an increase in the average
metaphase-anaphase transition time to 45 (±0.5) minutes, demonstrating a
functional TopoIIa mediated metaphase response. In cells expressing the nonphosphorylatable GFP-Aurora B S227A, ICRF-193 treatment resulted in a
significantly reduced delay and average metaphase-anaphase transition time of
23.7(±2) minutes being observed. This phenocopied the effect of PKCe knock down,
inhibition or blocking PKCe cleavage, indicating that phosphorylation of Aurora B on
S227is required for the proper functioning of the TopoIIa mediated metaphase delay.
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Figure 6.1 Aurora B S227 phosphorylation is required for the TopoIIa mediated
metaphase delay.

(A) DLD-1 cells induced to express GFP-Aurora B wild type or S227A phosphomutant were assessed for their response to metaphase catenation. Cells were
treated ± 1µM ICRF-193 immediately prior to time-lapse imaging and scored for the
time to progress from metaphase to anaphase. The mean of three independent
experiments is represented by the graph, where >100 cells per condition were
analysed. Significance of the variation between samples was determined by T-test,
**** P ≤ 0.0001. (B) Representative images of live cell assays showing metaphase
plate alignment (time point 0) and anaphase onset (asterisk).
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6.2.2 Aurora B S227 phosphorylation is required for efficient decatenation.
The demonstration that Aurora B phosphorylation is important for the engagement
of the TopoIIa mediated metaphase delay led to an investigation into whether Aurora
B had a functional role in mediating the decatenation process. To examine this,
metaphase spread assay was utilised to examine the effect of blocking Aurora B
phosphorylation on S227 on catenation resolution. Metaphase catenation was
measured in DLD-1 cells expressing GFP-Aurora B WT or GFP-Aurora B S227A, in
which endogenous Aurora B expression was silenced using RNAi. Metaphase
catenation levels in the parental DLD-1 cells and DLD-1 cells in which TopoIIa
expression was silenced using RNAi were also measured to provide a baseline for
functional and dysfunctional decatenation in DLD-1 cells respectively (figure 6.2 A).
Levels of catenation were determined by scoring the proportion of sister chromatids
that remained connected in cells arrested in metaphase. Representative images are
shown in figure 6.2 B.
In the control DLD-1 cells, on average, 47 (±10) % of chromosomes retain catenation,
this is consistent with previously reported data for DLD-1 cells (Brownlow et al.,
2014). Knocking down TopoIIa expression leads to an increase in this figure with an
average of 79%(±11) % of sister chromatids remaining interlinked in metaphase.
Cells expressing GFP-Aurora B WT had on average 46(±7)% interlinked sister
chromatids, comparable to control levels of catenation. Cells expressing GFP-Aurora
B S227A however, had an average of 83(±10) % interlinked sister chromatids
present in metaphase. This represented a significant increase in comparison to the
levels observed with control and GFP-Aurora B WT expressing cells, and was
equivalent to the increase in the levels of metaphase catenation observed in cells in
which TopoIIa expression was knocked down with siRNA.
These data would indicate that phosphorylation of AuroraB on S227 impacts the
efficiency of the decatenation process. This again phenocopied the effects of
blocking PKCe cleavage.
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Figure 6.2 Aurora B S227 phosphorylation is required for decatenation.

(A) Metaphase spread analysis demonstrating the percentage of sister chromatids
that remain catenated in parental DLD-1 cells ± TopoIIa knockdown and DLD-1 cells
expressing GFP-Aurora B wild type or S227A. Data presented is the average of the
means of 3 independent experiments. (B) representative images of metaphase
spreads. Scale bars represent 10 µm.
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6.2.3 Aurora B S227 phosphorylation is required for faithful segregation.
The observation that Aurora B S227 phosphorylation is important for the
decatenation process was supported by studying the effect of blocking this
phosphorylation event had on faithful segregation of DNA between daughter cells.
As discussed previously, unresolved catenation frequently manifests in gross
segregation errors as physically interlinked sister chromatids cannot be properly
separated. Therefore, aberrant nuclear morphology, the presence of binucleate cells
and micronuclei, which are indicative of segregation errors can function as an
indication of unresolved catenation.
The presence of aberrant nuclei was determined by immunofluorescence in DLD-1
cells 48 hours post induction of GFP-Aurora B WT and GFP-Aurora B S227A
expression. Expression of endogenous Aurora B had been silenced using RNAi. The
parental cells were also scored. Alongside DAPI and actin, Lap2𝛽 was stained
allowing for visualisation of the nuclear envelope, aiding scoring of nuclear
morphology. The presence of aberrant nuclei following RNAi mediated Aurora B
knockdown was unable to be scored owing to the toxicity of extended knock-down
of Aurora B. Cells expressing GFP-Aurora B WT have no significant increase in
aberrant nuclei compared to the control cells (7±1 % control vs 11±6%). However,
expression of GFP-Aurora B S227A leads to an increase in the number of aberrant
nuclei observed (7±1 % control vs 27±10%)(figure 6.3 A).
The presence of anaphase bridges, another indication of segregation errors that can
result from unresolved catenation, was also measured using confocal microscopy.
Bulky anaphase bridges were visualised by DAPI staining and ultrafine bridges
(UFBs) were visualised by probing for PICH (Figure 6.3 B-C). DLD-1 cells expressing
GFP-Aurora B S227A had a larger proportion of cells containing anaphase bridges
compared to DLD-1 cells expressing GFP-Aurora B WT. There was an increase in
the number of anaphases with bulky DAPI positive bridges ( WT- 11±9% vs S227A53±26%) and those with PICH-positive strands (WT- 15±18 % vs S227A35±19%)however only the increase in the number of cells containing DAPI positive
bridges reached statistical significance.
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These data demonstrated that blocking Aurora B S227 phosphorylation affects
faithful segregation of the DNA. This supports a model in which Aurora B that can no
longer be phosphorylated on S227 perturbs the decatenation process.
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Figure 6.3 Blocking Aurora B S227 phosphorylation results in an increase
segregation errors.

(A) Graph showing the levels of aberrant nuclei in control DLD-1 cells and DLD-1
expressing GFP-Aurora B WT or S227A (B) Graph quantifying PICH positive strands
(PPS) present in DLD-1 cells expressing GFP-Aurora B WT or S227A. (C) Graph
quantifying DAPI bridges present in DLD-1 cells expressing GFP-Aurora B WT or
S227A. All experiments carried out in the background of endogenous Aurora B
knock-down. Graphs represent the mean of three independent experiments.
Significance of the variation between samples was determined by T-test, * P ≤ 0.05,
ns P > 0.05.
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6.3 Visualising Aurora B S227 phosphorylation

6.3.1 PKCe phosphorylates Aurora B S227 in vitro.

Having provided evidence for the likely requirement of Aurora B S227
phosphorylation in the response to catenation, further characterisation of the
phosphorylation event was undertaken. An antibody raised against Aurora B
phosphorylated at S227 was available in the laboratory. The antibody was used
previously to study Aurora B phosphorylation at the mid-body during cytokinesis
(Pike et al., 2016). The practicality of using this antibody to study Aurora B
phosphorylation during mitosis was determined.
The selectivity for phosphorylated S227 was verified by western blot analysis of
samples prepared in vitro. Recombinant Aurora B, WT and the non-phosphorylatable
S227A mutant were incubated with PKCe kinase domain in the presence or absence
of the PKCe inhibitor, BLU577. pS227 signal was normalised to total levels of Aurora
B determined by ponceau staining of the membrane prior to probing with pS227
antibody. The recombinant Aurora B WT is partially phosphorylated on S227,
incubation with PKCe kinase domain, in the absence of PKCe inhibition, increased
the levels of S227 phosphorylation. This corroborated previously reported data.
There is a small amount of pS227 signal seen with recombinant Aurora B 227A, this
is not altered by addition of PKCe kinase domain. This may indicate recognition of
another serine phosphorylation site.
The pS227 antibody was used to probe cell lysates to look for S227 phosphorylation
in cells. Whole cell lysates were generated from untreated DLD-1 cells, DLD-1 cells
transfected with siAurora B or the control siNTC, and DLD-1 cells expressing GFPtagged Aurora B WT or S227A. As Aurora B expression peaks at the G2/M transition
and the kinase is predominantly active during mitosis nocodazole treated samples
were also included in an effort to increase the likelihood of capturing Aurora B
phosphorylated on S227. Western blots were probed with the pS227 antibody and
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an antibody recognising total Aurora B to verify knock down and exogenous
expression.
No pS227 signal was observed in any of the samples and there were a large number
of non-specific bands. It is possible that S227 phosphorylation is a very transient or
unstable process, it may also be occurring on a small pool of the Aurora B therefore,
at levels too low to be observed by western blot. It is also possible that nocodazole
arrest may not be the most appropriate condition in which to study Aurora B S227
phosphorylation. Perturbations of the spindle could independently effect the
phosphorylation. Other approaches may need to be employed to enrich for mitotic
cells without disrupting other mitotic processes.
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Figure 6.4 Phospho-specific Aurora B S227 antibody

(A) In vitro kinase assay demonstrating Aurora B S227 phosphorylation of
recombinant Aurora B WT and S227A by recombinant PKCe kinase domain ± Blu577
(500 nM). Western blot was probed with phospho-specific Aurora B antibody and the
total levels of recombinant protein determined by ponceau staining. Graph
demonstrates average Aurora B S227 phosphorylation from 3 independent repeats
as determined by densitometry, comparing the phospho-antibody signal to total
Aurora B protein. Significant difference between conditions was determined by T-test
** P ≤ 0.01. (B) Western blot of whole cell lysates from DLD-1 cells ± siNTC, Aurora
B knock-down or expression of GFP Aurora B WT or S227A ± nocodazole (500 nM).
Western blot probed for Aurora B total protein S227 phospho-specific antibody.
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6.3.2 Visualisation of Aurora B S227 using immunofluorescence.

The possibility of using the pS227 antibody to study Aurora B phosphorylation during
mitosis by immunofluorescence was assessed in DLD-1 cells expressing GFPAurora B WT or GFP-Aurora B S227A in which endogenous Aurora B expression
was silenced using RNAi. A high concentration (1 in 10), and a low concentration (1
in 100) of pS227 antibody were used and both were pre-incubated with the
dephospo-peptide to minimise non-specific staining. Confocal images were taken of
both the mid-body of cells in cytokinesis and mitotic cells. It is possible to see pS227
signal present at the mid-body in dividing cells, this signal is absent in cells
expressing GFP-Aurora B S227A, consistent with published data (figure 6.5 A) (Pike
et al., 2016).
With both high and low concentrations of pS227 antibody the majority of signal in
mitotic cells was cytoplasmic, however the majority of Aurora B was localised to the
chromatin indicating that the signal observed was the result of non-specific staining
(figure 6.5 B). The fluorescence observed also did not differ between cells expressing
GFP-Aurora B WT or the non-phosphorylatable GFP-Aurora B S227A confirming the
non-specific nature of the signal. This large amount of non-specific staining meant
that it was not possible to study Aurora B phosphorylation using standard
immunofluorescence techniques.
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Figure 6.5 Phospho-specific Aurora B S227 antibody has high background by
immunofluorescence.

(A) Confocal images of mid-body sections from DLD-1 cells in cytokinesis probed
with phospho-specific Aurora B S227 antibody. White arrow indicates phosphospecific Aurora B S227 signal. (B) Confocal images of DLD-1 cells expressing GFPAurora B WT or S227A in metaphase probed with high (1/10) or low (1/100)
concentration phospho-specific Aurora B S227 antibody. DNA is visualised with
DAPI staining, and Aurora B is visualised by the GFP tag. Scale bars indicate 3 µm
(A) and 5 µm(B)
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6.3.3 Visualising Aurora B S227 phosphorylation using PLA

In an attempt to circumvent the high background signal generated by the non-specific
binding of the pS227 antibody in situ Duolink® PLA technology was employed. This
approach offered the combined advantages of increased specificity and sensitivity.
A PLA signal is only observed if the two primary antibodies used are bound in close
proximity (30-40nM), (figure 6.6A) therefore coupling primary antibodies that
recognise total Aurora B and pS227 should reduce the non-specific signal as any
pS227 antibody bound to anything other than Aurora B would be too distant for
amplification of the PLA probes. It should also allow the visualisation of rare
phosphorylation events due to the amplification process.
PLA is commonly used to identify protein-protein interactions. Aurora B is a part of
the chromosome passenger complex, as part of this complex the interaction with
INCENP is well documented (Ruchaud et al., 2007, Carmena et al., 2012). As an
experimental control, antibodies against total Aurora B and INCENP were used in
combination. A positive PLA signal can be seen between this antibody pair (figure
6.6B). A positive PLA signal was also observed between the total Aurora B and
pS227 antibodies. In DLD-1 cells expressing GFP-Aurora B WT this signal is present
throughout the cell with a concentration of the signal at the chromatin, correlating
with the localisation of the GFP tagged protein. This positive PLA was markedly
reduced in cells expressing GFP-Aurora B S227A, however signal was not
completely lost. It is possible that this signal could be a result of residual endogenous
Aurora B present in the cell, as the efficiency of knock-down of the endogenous
kinase was not assessed. Further work will be required to confirm this result, but it
offers a promising indication that PLA may provide a useful tool to observe S227
phosphorylation of Aurora B in cells and suggests phosphorylation of S227 may
occur during mitosis.
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Figure 6.6 Positive PLA signal between total Aurora B and S227

(A) Schematic representing the steps of the proximity ligation assay (PLA), PLA
involves probing a fixed sample with a combination of two primary antibodies.
Samples are then probed with secondary antibodies containing a short oligopeptide
sequence, if the primary antibodies are in close proximity (within 40nm), rolling circle
amplification can occur. Fluorescent-labelled complementary oligonucleotide probes
are added, and bind to the amplified DNA allowing visualisation. (B) Confocal images
of showing PLA between total Aurora B and INCENP in DLD-1 and between total
Aurora B and phosphorylated Aurora B S227 in DLD-1 expressing GFP-Aurora B
WT or S227A. DNA is visualised with DAPI staining, and Aurora B is visualised by
GFP tag.
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6.4 Studying the localisation of Aurora B and TopoIIa in cell.

6.4.1 Aurora B S227 mutation affects localisation of the kinase and TopoIIa

The sub-cellular localisation of Aurora B is well documented. It has been shown to
localise to the centromere in metaphase cells. This results in punctate staining
localised to the chromatin when observed by immunofluorescence (Carmena and
Earnshaw, 2003).

This localisation was observed by probing with an antibody against Aurora B (top
panel, figure 6.7). RNAi mediated gene silencing of Aurora B resulted in a loss of this
staining. This punctate, chromatin associated staining can be observed in DLD-1
cells expressing GFP-Aurora B WT, however, in DLD-1 cells expressing GFP-Aurora
B S227A the localisation of the Aurora B is more diffuse with punctate spots being
less evident (lower panels, figure 6.7).

The localisation of TopoIIa was also assessed in these cells. In control conditions
TopoIIa is visible along the chromatin arms with a concentration of fluorescent signal
at the centromere (Rattner et al., 1996). Upon RNAi mediated knock down of Aurora
B or expression of the phosphorylation mutant the fluorescent signal is retained on
the chromatin arms but the punctate centromeric concentration of signal is reduced
(figure 6.7).

This indicates that phosphorylation of Aurora B S227 may be important for ensuring
the proper sub-cellular localisation of the kinase. It also indicates that this
phosphorylation dependent localisation of Aurora B is crucial for proper localisation
of TopoIIa.
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Figure 6.7 Localisation of Aurora B and TopoIIa is effected by Aurora B S227
mutation.

Confocal images demonstrating the localisation of TopoIIa and Aurora B in
metaphase in DLD-1 cells± siNTC, Aurora B siRNA. siRNA mediated Aurora B
knockdown disrupts TopoIIa localisation, this can be recovered by expressing GFPAurora B WT but not phospho-mutant S227A. Representative images selected from
asynchronous populations from across 3 independent experiments. DNA is
visualised using DAPI. Scale bars represent 5 µm.
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6.4.2 PKCe affects the localisation of Aurora B and TopoIIa

Owing to the phenotypic correlation between PKCe cleavage and Aurora B action in
both engagement of a TopoIIa mediated metaphase delay and decatenation it was
hypothesised that the effect of PKCe cleavage operates through modulation of
Aurora B S227 phosphorylation. If this was the case PKCe cleavage should also be
required for the appropriate localisation of Aurora B and TopoIIa.

Subcellular localisation of both Aurora B and TopoIIa was observed by probing with
antibodies against the total proteins. In control cells Aurora B could be seen as
punctate staining localised to the chromatin and TopoIIa was observed along the
chromatin arms and at the centromeres. RNAi mediated gene silencing of PKCe
resulted in a loss of punctate centromeric staining of both Aurora B and TopoIIa. This
punctate, chromatin associated staining was rescued by the induction of either wild
type PKCe (GFP-PKCe WT) or PKCe kinase domain (GFP-PKCe cat). However,
expression of the non-cleavable form PKCe (GFP-PKCe D383/451N) the punctate
staining could not be recovered for either protein (figure 6.8). This indicates that
PKCe cleavage is important for ensuring the proper sub-cellular localisation of both
Aurora B and TopoIIa.
Whilst it was not possible to verify that Aurora B S227 phosphorylation functioned
down stream of PKCe cleavage in cells using the phospho-specific antibody. The fact
that blocking PKCe cleavage generates the same mislocalisation of Aurora B as
blocking S227 phosphorylation of the kinase adds further evidence to the hypothesis
that these two processes sit along the same regulatory pathway.
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Figure 6.8 Localisation of Aurora B and TopoIIa is effected by PKCe.

Confocal images demonstrating the localisation of TopoIIa and Aurora B in
metaphase in DLD-1 cells expressing GFP-PKCe WT, cleavage mutant (D383/451N)
or kinase domain (cat.) ± siNTC, PKCe siRNA. siRNA mediated PKCe knockdown
disrupts both Aurora B and TopoIIa localisation, this can be recovered by expressing
GFP-PKCe WT or kinase domain (cat.) but not the cleavge mutant GFP-PKCe
D383/451N. Representative images selected from asynchronous populations from
across 3 independent experiments. DNA is visualised using DAPI. Scale bars
represent 5 µm.
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6.5 Aurora B S227 phosphorylation results in substrate
specificity switch.

6.5.1 Aurora B phosphorylation state alters TopoIIa phosphorylation.

It had been demonstrated that Aurora B Ser227 phosphorylation altered the
substrate specificity of the kinase (Pike et al., 2016). TopoIIa has been identified as
a direct Aurora B substrate by mass spectrometry (Morrison et al., 2002) and it has
been subsequently demonstrated in the laboratory that the phosphorylation status of
Ser227 alters the nature of this kinase-substrate interaction between Aurora B and
TopoIIa.

An in vitro peptide array of TopoIIa revealed that whilst WT recombinant Aurora B
preferentially phosphorylated a site in the N-terminal region of the protein that was
mapped to TopoIIa Ser29, recombinant Aurora B S227A demonstrated a preference
to phosphorylate a site in the C-terminal tail of TopoIIa, this site was mapped to
Thr1460 (figure 6.9). In this assay Aurora B WT has been shown to be
phosphorylated at S227 and the activation-loop, T232, whereas S227A retains T232
phosphorylation but loses S227 phosphorylation.
Owing to the well-established, essential nature of the role of TopoIIa in the processes
studied in this thesis this presented an attractive observation for further study.
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Figure 6.9 Peptide array demonstrating Aurora B substrate-switch

Peptide array of full length TopoIIa with recombinant Aurora B wild type (left panel)
or Aurora B S227A (right panel); experiment performed by Dr Tanya Soliman.
To confirm this observation phospho-specific antibodies were raised against TopoIIa
S29 and T1460. These antibodies were employed in vitro to confirm the results from
the peptide array with intact proteins, and in cell lysates in an attempt to observe the
phosphorylation of these sites in cell.
An in vitro kinase assay in which 0.1 U of recombinant TopoIIa was incubated with
varying concentrations of recombinant Aurora B WT or S227A. Following incubation,
samples were run on western blot and probed with the phospho-specific TopoIIa
antibodies. Increasing TopoIIa S29 phosphorylation was observed with increasing
concentrations of Aurora B WT. This increase in phosphorylation was inhibited by
the addition of the Aurora B inhibitor ZM447439. Under the same conditions with
Aurora B S227A, no increase in TopoIIa S29 phosphorylation was observed. An
apparent but insignificant signal was observed using the phospho-specific TopoIIa
T1460 antibody (figure 6.10A).
It was possible to visualise T1460 phosphorylation in vitro using the phospho-specifc
antibody by increasing the amount of recombinant TopoIIa present in the system.
Using 1U of recombinant TopoIIa it was possible to observe T1460 phosphorylation
upon (figure 6.10B). Incubation with neither WT Aurora B nor S227A Aurora B
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resulted in a significant increase in the observed level of TopoIIa T1460
phosphorylation. There was however a trend towards an increase in TopoIIa T1460
phosphorylation upon incubation with recombinant Aurora B S227A which may have
been masked by the high constitutive level of TopoIIa T1460 phosphorylation.

The phosphorylation of TopoIIa S29 and T1460 were also detected in cell lysates.
For both sites phosphorylation was mainly observed in nocodazole arrested DLD-1
cells. To visualise TopoIIa Thr1460 phosphorylation required treating with the
phosphatase inhibitor calyculin A prior to cell lysis (figure 6.10C-D).
To verify that the differential efficiency of TopoIIa S29 phosphorylation observed was
a function of altered substrate specificity of Aurora B phospho-states rather than
activity of the kinase, the activity of the recombinant WT and S227A Aurora B
proteins was assessed. The kinase activity of the Aurora B proteins was determined
by measuring the ability of the kinase to phosphorylate the known substrate, histone
H3, at S10 (figure 6.10 E). Recombinant histone H3 was incubated with varying
amounts of the WT and S227A mutant recombinant Aurora B. Increasing levels of
both proteins led to a comparable increase in histone H3 S10 phosphorylation that
was able to be blocked using ZM447439. Demonstrating that both recombinant
proteins are active to a similar extent towards a common substrate.
These data validate the preferential phosphorylation of TopoIIa S29 by Aurora B WT
(pS227/pS232) as identified in the peptide screen, demonstrating that a substrate
switch occurs under physiological conditions.
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Figure 6.10 Aurora B phosphorylation of TopoIIa.

(A-B) In vitro kinase assays demonstrating TopoIIa S29 (A) and T1460 (B)
phosphorylation of recombinant TopoIIa WT by recombinant Aurora B WT or S227A
± ZM4474397 (1 µM). Western blot was probed with total TopoIIa and phosphospecific TopoIIa S29 and T1460 antibodies. Graphs demonstrate average TopoIIa
S29 or T1460 phosphorylation across 3 independent repeats as determined by
densitometry, comparing the phospho-antibody signal to total TopoIIa. Significant
difference between conditions was determined by T-test ** P ≤ 0.01, *** P ≤ 0.001,
**** P ≤ 0.0001, ns p>0.05. (C-D) Western blot of whole cell lysates from DLD-1 cells
± nocodazole (500 nM) probed for total TopoIIa, tubulin and phospho-specific
TopoIIa S29 (C) or T1460 (D). (E) In vitro kinase assays demonstrating histone H3
S10 phosphorylation by recombinant Aurora B WT and S227A. Figure C and E
performed by Dr Tanya Soliman.
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6.5.2 Visualisation of TopoIIa phosphorylation in fixed cells.

The phospho-specific TopoIIa S29 and T1460 antibodies were also assessed for
their ability to specifically recognise phosphorylated TopoIIa in cells by
immunofluorescence microscopy. Upon probing DLD-1 cells with the TopoIIa S29
phospho-specific antibody fluorescent signal was observed in mitotic cells. The
signal was localised to the chromatin, corresponding to the cellular location of
TopoIIa. To verify the specificity of the antibody RNAi mediated gene silencing was
utilised to knock down TopoIIa expression. Knock down of TopoIIa resulted in a loss
of the fluorescent signal, which was recovered by exogenous expression of WT
TopoIIa. These data demonstrate a specificity of the antibody for the target protein
(figure 6.11A, upper panels).
The phospho-specificity of the antibody was assessed by expressing a TopoIIa
phospho-site mutant, GFP-TopoIIa S29A, in the background of endogenous TopoIIa
knock down. The fluorescent signal was not recovered by expression of this nonphosphorylatable mutant, again confirming the phospho-specificity of this antibody.
It was interesting to note that expression of the TopoIIa phospho-mutant GFPTopoIIa T1460A was able to recover the fluorescent signal on the chromatin in
mitotic cells, demonstrating that TopoIIa T1460 phosphorylation is not required for
TopoIIa S29 phosphorylation (figure 6.11A, lower panels).

Upon probing DLD-1 cells with the TopoIIa T1460 phospho-specific antibody a
fluorescent signal is also observed, localised to chromatin in mitotic cells. However,
this signal is lost neither upon RNAi mediated knock down of TopoIIa expression nor
expression of the phospho-mutant GFP-TopoIIa T1460A (figure 6.11B). Whilst this
does not discount the possibility that the antibody is able to recognise
phosphorylated TopoIIa T1460 it would suggest that there is non-specific staining of
other chromatin associated protein(s), meaning that this antibody cannot be used to
study TopoIIa T1460 phosphorylation by immunofluorescence.
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Figure

6.11

Phospho-specific

TopoIIa
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T1460

antibodies

by

immunofluorescence microscopy.

Confocal images showing TopoIIa S29 and T1460 phospho-specific signal in
metaphase in DLD-1 cells expressing GFP-TopoIIa WT, or phospho-mutants (S29A
and T1460A) ± TopoIIa siRNA. Scale bars represent 5 µm. DNA is visualised using
DAPI (blue), cytoskeleton is visualised with a-Tubulin (green).
Having demonstrated the selectivity of the TopoIIa S29 phospho-specific antibody,
immunofluorescence microscopy was used to further characterise TopoIIa S29
phosphorylation. Confocal images were taken of DLD-1 cells in various cell cycle
stages and revealed the presence of phosphorylated TopoIIa S29. TopoIIa S29
phosphorylation is localised to the chromatin during pro-metaphase and metaphase
with the phosho-specific signal decreasing through anaphase. TopoIIa S29
phospho-specific signal is not observed in interphase cells or throughout telophase
or cytokinesis (figure 6.12). These data support the cell cycle specificity of TopoIIa
S29 phosphorylation that was observed by western blot analysis.
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Figure 6.12 Phospho-specific TopoIIa S29 signal in DLD-1 cells

Confocal images showing TopoIIa S29 phospho-specific signal throughout various
cell cycle stages in DLD-1 cells Scale bars represent 5 µm. DNA is visualised using
DAPI (blue), cytoskeleton is visualised with a-Tubulin (green).
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6.5.3 Inhibiting

the

activity

of

upstream

kinases

effects

TopoIIa

phosphorylation.

The data presented in this chapter would imply that there is a kinase cascade
involving PKCe mediated phosphorylation of Aurora B S227, which in turn leads to
phosphorylation of TopoIIa S29. To test this hypothesis the effect of blocking the
catalytic activity of the upstream kinases on TopoIIa S29 phosphorylation was
determined in DLD-1 cells by immunofluorescence.
PKCe kinase activity was inhibited using the selective inhibitor Blu577 and Aurora B
activity was inhibited using ZM443479. The TopoIIa S29 phosphorylation was
observed in mitosis. Inhibition of either PKCe or Aurora B resulted in a decrease in
the TopoII S29 phospho-specific signal, with Aurora B inhibition having the greatest
effect upon TopoIIa S29 phosphorylation (figure 6.13A).
This observation was quantified by measuring the pixel intensity of the chromatin
region (figure 6.13B). This demonstrated that the reduction of fluorescent signal
observed represented a significant decrease in the phosphorylation of TopoIIa S29
in response to inhibiting the catalytic activity of PKCe and Aurora B adding strength
to the hypothesis that there is a mitotic signalling cascade involving PKCe, Aurora B
and TopoIIa.
Data presented earlier in the thesis also indicates that this signalling cascade is
triggered by proteolytic cleavage of PKCe. These data are supported by the
observation that blocking PKCe cleavage reduces TopoIIa S29 phosphorylation
(figure 6.13C-D). DLD-1 cells expressing the non-cleavable PKCe mutant, GFPPKCe D383/451N in which endogenous PKCe expression is silenced show a
reduction in TopoIIa S29 phosphorylation, phenocopying the effect of inhibition of
PKCe activity.
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Figure 6.13 Phospho-specific TopoIIa S29 signal is sensitive to Aurora B and PKCe
inhibition.

(A) Confocal images showing TopoIIa S29 phospho-specific signal in metaphase in
DLD-1 cells treated with Blu577 (500 nM), ZM447439 (1 µM) or equivalent DMSO.
Scale bars represent 5 µm. DNA is visualised using DAPI. (C) TopoIIa S29 phosphospecific signal in DLD-1 expressing GFP-PKCe WT or non-cleavable mutant
(D383/451N) (B and D) Quantification of phospho-specific TopoIIa S29 pixel
intensity in the chromatin region, measured across 3 independent experiments with
>20 cells assessed per condition. Significant difference between conditions was
determined by T-test ** P ≤ 0.01, * p ≤ 0.05. DNA is visualised using DAPI (blue),
cytoskeleton is visualised with a-Tubulin (green).
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6.5.4 Inhibition of TopoIIa leads to persistent TopoIIa S29 phosphorylation.

PKCe cleavage and Aurora B S227 phosphorylation have been shown to be
important for the both resolution of catenation and in the engagement of a metaphase
delay in response to TopoIIa inhibition, which has been linked to errors in the
decatenation process. To assess whether TopoIIa S29 phosphorylation was
sensitive to the presence of persistent catenation TopoIIa activity was inhibited using
ICRF-193 and the phosphorylation of TopoIIa S29 observed. Treatment of DLD-1
cells with ICRF-193 was shown not to affect the level of phosphorylation of TopoIIa
S29 in metaphase cells. Quantification of the fluorescent signal in the chromatin
region showed an apparent but non-significant decrease in the level of TopoIIa S29
phosphorylation response to TopoIIa inhibition (figure 6.14 A).

When cells were treated with ICRF-193, TopoIIa S29 phosphorylation was observed
in pro-metaphase, metaphase and anaphase cells as previously described.
Interestingly, upon treatment with ICRF-193 the fluorescent signal was shown to
persist into cytokinesis (figure 6.14B). TopoIIa S29 phosphorylation was also evident
in a number of interphase cells that had failed to successfully complete the
segregation process (figure 6.14C). Segregation errors are a common phenotype of
TopoIIa inhibition as failure to resolve catenation leaves sister chromatids connected
and unable to be properly separated into the two daughter cells. The presence of
TopoIIa S29 phosphorylation in these cells suggests that this phosphorylation may
be important in the recognition or resolution of catanenes.
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Figure 6.14 Phospho-specific TopoIIa S29 signal is sensitive to ICRF-193.

(A) Quantification of phospho-specific TopoIIa S29 pixel intensity in the chromatin
region, measured across 3 independent experiments with >20 cells assessed per
condition. Significant difference between conditions was determined by T-test ns p >
0.05. (B) Confocal images showing TopoIIa S29 phospho-specific signal in DLD-1
cells, in metaphase and cytokinesis, treated with ICRF-193 (1 µM). Scale bars
represent 5 µm. DNA is visualised using DAPI (blue), cytoskeleton is visualised with
a-Tubulin (green).
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6.5.5 PLA can be used to visualise TopoIIa T1460 phosphorylation

As the large amount of non-specific signal observed with the phospho-specific
TopoIIa T1460 antibody made it impossible to observe TopoIIa T1460
phosphorylation by conventional immunofluorescence in situ Duolink® PLA
technology was employed. PLA was performed in cells expressing GFP-TopoIIa,
and the coupling of TopoIIa and GFP antibodies was used as a positive control. A
positive PLA signal was observed between the total TopoIIa and the phosphospecific TopoIIa T1460 antibodies. This signal could be depleted by incubation with
the phospho peptide and using the Aurora B inhibitor ZM447439 (figure 6.15). These
data suggests that PLA may be a suitable method to study TopoIIa T1460
phosphorylation in cells. More test will be required to ensure the selectivity of the
signal and, to determine if the signal is robust enough to allow the study of regulatory
behaviours.
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Figure 6.15 Positive PLA between total TopoIIa and phosphorylated T1460.

Confocal images showing PLA signal between total TopoIIa and the phosphospecific TopoIIa T1460 antibody in DLD-1 cells in control conditions, with Aurora B
inhibition (ZM447439 1 µM), or with incubation with the phospho-specific peptide.
Confocal images of PLA signal between TopoIIa and GFP included as positive
control. DNA is visualised using DAPI. Experiment performed by Dr Tanya Soliman.
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6.6 Biological importance of TopoIIa phosphorylation

6.6.1 TopoIIa phospho-mutants do not mis-localise during metaphase

Mutations associated with disruption of the TopoIIa mediated metaphase delay and
the decatenation process have also been associated with improper localisation of
Aurora B and TopoIIa. The TopoIIa phospho-site mutants were imaged by confocal
microscopy to determine if blocking the phosphorylation at S29 and/or T1460 was
able to disrupt the localisation of these proteins.

Subcellular localisation of both Aurora B and TopoIIa was observed by probing with
antibodies against the total proteins. In control cells Aurora B has been shown to
demonstrate punctate staining localised to the chromatin and TopoIIa is observed
along the chromatin arms and at the centromeres. RNAi mediated gene silencing of
TopoIIa resulted in a loss of TopoIIa staining but had no effect upon the punctate
staining of Aurora B. DLD-1 cells expressing GFP-TopoIIa WT or the phosphomutants,

GFP-TopoIIa

S29A,

GFP-TopoIIa

T1460A

and

GFP-TopoIIa

A29S/T1460A all showed appropriate localisation of both Aurora B and TopoIIa
(figure 6.16). These data indicate that the phosphorylation of these residues of TopoII
are not important for the mitotic localisation of the enzyme.
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Figure 6.16 Localisation of Aurora B and TopoIIa is not effected by TopoIIa
S29/T1460 phosphorylation

Confocal images demonstrating the localisation of TopoIIa and Aurora B in
metaphase in DLD-1 cells expressing GFP-TopoIIa WT, and phospho-mutants
(S29A,T1460A and S29/T1460A) TopoIIa siRNA. Scale bars represent 5 µm. DNA
is visualised using DAPI
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6.6.2 TopoIIa phosphorylation at either S29 or T1460 is not required for the
TopoIIa mediated metaphase response.

Having demonstrated that TopoIIa S29 phosphorylation was sensitive to both PKCe
and Aurora B activity as well as TopoIIa inhibition it presented an attractive target as
the mechanism involved in triggering the TopoIIa dependant metaphase delay. To
determine if phosphorylation of either of the Aurora B substrate sites were required
for the TopoIIa mediated metaphase delay, the metaphase- anaphase transition time
was assessed in DLD-1 cells that stably expressed GFP-TopoIIa WT or the phosphomutants,

GFP-TopoIIa

S29A,

GFP-TopoIIa

T1460A

and

GFP-TopoIIa

A29S/T1460A. The experiment was carried out in the background of endogenous
TopoIIa knock down (figure 6.17). Untreated cells expressing GFP-TopoIIa WT
transitioned from metaphase to anaphase in an average of 13±0.3 minutes. When
treated with the TopoIIa inhibitor ICRF-193 this increased to an average of 55±4
minutes, demonstrating a functional TopoIIa mediated metaphase response.

Untreated cells expressing the GFP-TopoIIa phospho-mutants all transited from
metaphase to anaphase in an average of 13-16 minutes, as was seen with WT
TopoIIa. Upon treatment with ICRF-193 the metaphase-anaphase transition time
increased to an average of 44±12 minutes for GFP-TopoIIa S29A, 46±5 minutes for
GFP-TopoIIa T1460A and 46±3 minutes for GFP-TopoIIa A29S/T1460A expressing
cells. Whilst these times were slightly shorter than the delay observed with GFPTopoIIa WT they did not represent a significant decrease in the metaphaseanaphase transition time, showing that these cells retain a functional TopoIIa
mediated metaphase delay.
These data show that blocking TopoIIa S29 or T1460 phosphorylation does not
phenocopy the effect of blocking PKCe cleavage or blocking Aurora B S227
phosphorylation upon the TopoIIa mediated metaphase delay.
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The efficiency of TopoII inhibition and expression was assessed by western blot by
probing with TopoIIa antibody. After transfection with TopoIIa siRNA a decrease in
expression levels can be observed, there is however residual endogenous TopoIIa
in all conditions. Doxycycline treatment results in the induction of exogenous GFPTopoIIa expression. The levels of this expression are notably lower than that of the
endogenous protein
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Figure 6.17 TopoIIa S29 or T1460 phosphorylation is not required for the TopoIIa
mediated metaphase response

(A) Graph showing the metaphase to anaphase transition time in DLD-1 cells
expressing GFP-TopoIIa WT, and phospho-mutants (S29A,T1460A and
S29/T1460A) following knock-down of endogenous TopoIIa. Cells were treated ±
1uM ICRF-193 immediately prior to time-lapse imaging and scored for the time to
progress from metaphase to anaphase. The mean of three independent experiments
is represented by the graph, where >100 cells per condition were analysed.
Significance of the variation between samples was determined by T-test, ns P >0.05
(B)WB data from whole cell lysates collected from DLD-1 cells expressing GFPTopoIIa wild type and phospho-mutants (S29A, T1460A and S29/T1460A) ± TopoIIa
siRNA ± doxycycline induced expression of exogenous protein. Blot probed for
TopoIIa and tubulin. (C) Representative images of live cell assay showing
metaphase plate alignment (time point 0) and anaphase onset (asterisk).
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6.6.3 TopoIIa S29 is required to increase decatenation efficiency in vitro.

The effect of TopoIIa phosphorylation on decatenation activity was assessed in vitro.
To measure decatenation in vitro the kinetoplast DNA (kDNA) assay developed by
TopoGEN was employed. kDNA is organised into a network of interlocked rings.
These large networks limit migration of kDNA by electrophoresis with the kDNA
networks being too large to enter standard agarose gels. The decatenation activity
of TopoIIa produces kDNA monomers which are able to enter the gel, allowing for
easy separation from aggregate kDNA (figure 6.21 A). To maximise the visibility of
any changes in decatenation efficiency, recombinant TopoIIa was titrated to
determine a sub-optimal concentration of TopoIIa for the experiment (figure 6.21 B).
A suitable, sub-optimal level of decatenation was observed with 0.1 U of recombinant
TopoIIa. This was then used for the subsequent assays.

It has been demonstrated that incubation of recombinant TopoIIa with recombinant
Aurora B WT increases the phosphorylation of TopoIIa S29. This was utilised to
explore the effect of TopoIIa S29 phosphorylation on decatentation efficiency. As
there is a high background level of TopoIIa T1460 phosphorylation that could not be
reliably enriched it was not possible to assess the effect of TopoIIa T1460
phosphorylation. Recombinant TopoIIa was incubated with varying levels of
recombinant Aurora B WT or S227A and the Aurora B inactivated prior to addition of
kDNA. Following incubation with kDNA the level of decatenation was determined by
measuring the presence of kDNA monomers using gel electrophoresis (figure 6.21
C).
There was an increase in the production of kDNA monomers observed in samples
pre-incubated with recombinant Aurora B WT. This increase was blocked by addition
of the Aurora B inhibitor ZM447439. Pre-incubation with recombinant Aurora B
S227A also had no effect upon the production of kDNA monomers. These data infer
that TopoIIa phosphorylated at S29 is able to decatenate kDNA more efficiently that
TopoIIa lacking S29 phosphorylation.
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Figure 6.18 In vitro decatenation assay.

(A) Schematic representing in vitro decatenation process. (B) DNA gel showing
recombinant TopoIIa decatenation of kDNA. (B) Quantification of the amount of
decatenated kDNA present after addition of TopoIIa and increasing amounts of
recombinant Aurora B (wild type or S227A) ± ZM447439 (1 µM). Graph represents
three independent experiments. Significance of the variation between samples was
determined by T-test, ** P ≤ 0.01, * P ≤ 0.05
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6.6.4 TopoIIa phosphorylation is required for faithful segregation

To support the above observation the presence of aberrant nuclei and anaphase
bridges, two readouts of the gross segregation errors generated by unresolved
catenation, were also measured. The presence of aberrant nuclei (binucleate cells,
micronuclei or aberrant morphology) was scored in DLD-1 cells expressing GFPTopoIIa

WT,

GFP-TopoIIa

S29A,

GFP-TopoIIa

T1460A

or

GFP-TopoIIa

A29S/T1460A for 48 hours following the knock down of endogenous TopoIIa. In all
conditions an increase in the presence of aberrant nuclei was observed, with even
GFP-TopoIIa WT expression leading to an increase in segregation errors (figure 6.19
A).
Scoring anaphase bridges, both bulky DAPI positive bridges and the ultra-fine PICH
positive strands indicate that phosphorylation of TopoIIa is important for resolution
of DNA catenation. Expression of the TopoIIa phospho-mutants, GFP-TopoIIa S29A,
GFP-TopoIIa T1460A or the double phospho-mutant GFP-TopoIIa S29A/T1460A, in
the background of endogenous TopoIIa knock down result in an increase in the
presence of anaphase bridges compared to cells expressing GFP-TopoIIa WT.
However, the increase in anaphase bridges only reaches statistical significance in
conditions where TopoIIa s29 phosphorylation is prevented (figure 6.19B-D).
All of the assays demonstrated elevated levels of segregation errors when
expressing GFP-TopoIIa WT. This is most obvious when scoring aberrant nuclei, this
may be due to the extended nature of this assay in which small effects can be
amplified over multiple rounds of cell division. This could be as a result of altering the
levels of TopoIIa in the cell. As TopoIIa has such an essential role it is possible that
cells are sensitive to any deviation from endogenous levels of TopoIIa that occur
during the assays.
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Figure 6.19 TopoIIa S29/T1460 phosphorylation is required to avoid segregation
errors.

The presence of segregation errors was determined in in DLD-1 cells expressing
GFP-TopoIIa wild type and phospho-mutants (S29A, T1460A and S29/T1460A)
following siRNA knockdown of endogenous TopoIIa. Graphs show the level of
aberrant nuclei (A), anaphase bridges (B), PICH positive strands (PPS) and DAPI
bridges (D) present in these cells. The mean of three independent experiments is
represented by the graphs. Significance of the variation between samples was
determined by T-test, ** P ≤ 0.01, ns P > 0.05.
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6.6.5 TopoIIa phosphorylation is required for decatenation

Phosphorylation of TopoIIa S29 and T1460 were not involved in the TopoIIa
mediated metaphase delay. The next step of investigation was to determine if
phosphorylation of these residues was required for the decatenation process.
Metaphase spread assays were used to assess the effect of TopoIIa phosphorylation
upon the presence of metaphase catenation. To provide a positive control for
impaired decatenation, RNAi mediated silencing of TopoIIa expression was used. In
cells in which TopoIIa expression was knocked down an increase in the presence of
catenated sister chromatids was observed. This increase in the catenated sister
chromatids in metaphase was able to be rescued by expression of GFP-TopoIIa WT.
The increase in catenated sister chromatids could not be rescued by expression of
any of the TopoIIa phospho-mutants, GFP-TopoIIa S29A, GFP-TopoIIa T1460A and
GFP-TopoIIa A29S/T1460A (figure 6.18A). These data would suggest that the
phosphorylation of both TopoIIa S29 and T1460 by Aurora B may be required for
efficient decatenation, supporting the observations from the in vitro decatenation
assay.
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Figure 6.20 TopoIIa S29/T1460 phosphorylation effects decatenation

(A) Metaphase spread data showing the percentage of sister chromatids that remain
catenated in DLD-1 cells expressing GFP-TopoIIa wild type and phospho-mutants
(S29A, T1460A and S29/T1460A) following siRNA knockdown of endogenous
TopoIIa. Data presented is an average of the means of 3 independent experiments.
(C) representative images of metaphase spreads. Scale bar = 10µm.

200

Chapter 6. Results

6.7 Discussion

The work presented in this chapter demonstrates that a fine-tuned control of protein
interactions between PKCe, Aurora B and TopoIIa is involved in the response to
failures in the decatenation process. The work detailed in this chapter demonstrates
that phosphorylation of Aurora B S227 plays a crucial role in the response to
persistent DNA catenation. This phosphorylation event is required for both efficient
decatenation and proper engagement of the TopoIIa mediated metaphase response.
Aurora B S227 phosphorylation had previously been observed at the mid-body in
cytokinesis and this phosphorylation was dependent upon PKCe activity. In this
thesis, the effect of PKCe activity upon metaphase phosphorylation of Aurora B S227
was not directly observed owing to limitations imposed by the phospho-specific
antibody. However, a number of observations support the hypothesis that PKCe is
integral to this phosphorylation.
The ability of PKCe kinase domain to phosphorylate Aurora B was confirmed in vitro
and it was shown that blocking phosphorylation of the S227 site phenocopied the
effect of PKCe inhibition, knock-down or blocking PKCe cleavage. These data
indicate that cleavage of PKCe to a free, active kinase domain likely functioned
through phosphorylation of Aurora B S227. It was however possible that the two
events functioned in separate, parallel pathways. Evidence that this was not the case
came from studying the localisation of WT and phospho-mutant Aurora B (S227A).
Aurora B that could no longer be phosphorylated at the S227 site failed to show the
punctate centromeric localisation associated with the kinase in metaphase. RNAi
mediated knock-down of PKCe or expression of the non-cleavable PKCe also
resulted in a loss of the punctate Aurora B localisation in metaphase cells.
Interestingly in all cases where Aurora B localisation was affected TopoIIa was also
affected. The punctate centromeric localisation of TopoIIa was also lost. As both
PKCe cleavage and Aurora B phosphorylation have been shown to be important for
localisation of both Aurora B itself and TopoIIa it indicates that these events both sit
along the same biological pathway that results in modulation of TopoIIa behaviour.
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Preliminary work indicates that observing Aurora B S227 phosphorylation in
metaphase cells may be possible using PLA. Further work using this approach could
allow direct visualisation of the effect of PKCe upon Aurora B S227 phosphorylation.
It is reasonable to suppose that failure to properly localise would affect the efficiency
of decatenation by failing to target the enzyme to or retain the enzyme at sites of
catenation. It has been indicated that catenation is retained at the centromere in
mitotic cells. Several theories exist about why this is the case including that it is as a
result of proximity between the sister chromatids at this locus, access to the region
being blocked prior to cohesion degradation or that it is maintained due to a functional
role in the maintenance of sister chromatid cohesion until bi-orientation is achieved
(Sen et al., 2016, Farcas et al., 2011). Whilst it is an area of much debate, it is
commonly agreed that some level of catenation is retained at the centromeric region
through entry into mitosis. TopoIIa activity at the centromere has been demonstrated
to be required for chromosome disjunction during mitosis. Failure to localise to this
region is suggestive of a failure to localise to sites of catenation. The segregation
errors observed with blocking both PKCe cleavage and Aurora B S227
phosphorylation could also be explained by failure to properly target TopoIIa to
regions of concentrated/excessive catenation.
The phosphorylation of Aurora B S227 was further demonstrated to be important for
regulating TopoIIa phosphorylation. Phosphorylation of Aurora B at S227 resulted in
a switch in substrate specificity. This has been shown for a number of proteins and
here it is demonstrated that whilst both WT and S227A Aurora B are able to
phosphorylate TopoIIa they differ in regards to the preferred site of phosphorylation.
WT Aurora B preferentially phosphorylates S29, whilst the phospho-mutant S227A
preferentially phosphorylates T1460. S29 is present in the N-terminal region of the
enzyme, the specific role in catalytic function of the S29 site is not documented but
the N-terminus of TopoIIa is involved in ATP binding. This site has been shown to
demonstrate cell cycle specific regulation in mass spectrometry screens, data that
was corroborated by the work presented in this chapter (Wells et al., 1995).
Interestingly TopoIIa S29 has been shown to be a PKC substrate in vitro, though
inherent issues with the promiscuity of PKC in vitro should be taken into account.
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Here it is shown that PKCe activity also has an effect on TopoIIa S29 phosphorylation
in cells but that this effect is most likely an indirect behaviour acting through Aurora
B modification. Whilst the ability of PKCe to directly phosphorylate TopoIIa S29
cannot be discounted, the marked effect of Aurora B inhibition upon TopoIIa S29
phosphorylation would suggest that in the specific cellular content studied in this
thesis TopoIIa S29 is predominantly modified as a direct result of Aurora B kinase
activity.
TopoIIa T1460 is located in the C-terminal region of TopoIIa. This region of the
enzyme has been indicated to be important in several cellular roles including
localisation of the enzyme and engagement of the TopoIIa dependent metaphase
delay. Furthermore, T1460 is located in the region of TopoIIa identified as a strong
nuclear localisation sequence (NLS), mutation of sites in this region have been
shown to alter localisation of TopoIIa (Mirski et al., 1997). Mutation of this site to
alanine (GFP-TopoIIa T1460A) has no obvious effect upon the localisation of
TopoIIa so it is unlikely that this reside and/or its modification plays a role in TopoIIa
nuclear localisation.
The phosphorylation of TopoIIa S29 and T1460 have also been shown to have no
effect upon the engagement of the TopoIIa mediated metaphase response with the
phospho-mutants (GFP-TopoIIa S29, T1460 and S29A/T1460A) demonstrating a
wild type arrest in metaphase in response to TopoIIa inhibition. Modification of these
sites does however appear to affect the decatenation process.

Blocking phosphorylation of TopoIIa at either S29 or T1460 increases the levels of
catenation present in metaphase and the resultant anaphase bridging and aberrant
nuclear morphology, though only S29 mutation reaches significance. There are
several issues associated with the use of TopoIIa mutants in these assays. The first
and potentially most crucial of these is the fact that expression of the GFP-TopoIIa
WT control results in an increase in the background levels of metaphase catenation
and segregation errors, a feature that is especially pronounced in the more long-term
assays looking at nuclear morphology. As TopoIIa activity is crucial for cellular
function it is possible that perturbations in expression levels may challenge the
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decatenation process even without mutation of the TopoIIa itself. Adoption of a
CRISPR/Cas9 gene editing approach to introduce mutations could offer a solution to
this problem by maintaining endogenous expression levels of TopoIIa (Sander and
Joung, 2014).
The use of an in vitro decatenation assay did however support a role for TopoIIa
phosphorylation in the decatenation process. Increasing the levels of TopoIIa S29
phosphorylation by pre-incubating recombinant TopoIIa with WT Aurora B resulted
in an increase in the decatenation activity of the enzyme. The effect of TopoIIa T1460
phosphorylation was not possible to detect by this method as It was not possible to
reliably increase this phosphorylation in vitro, as such the effect of the
phosphorylation of TopoIIa T1460 is still undetermined.

To allow for further characterisation of the effect of TopoIIa phosphorylation upon
the efficiency of the decatenation process recombinant TopoIIa phospho-mutants
could provide a useful tool. As well as providing information about the importance of
TopoIIa T1460 phosphorylation, it could also provide information about any
interdependence of the two sites. Owing to the high endogenous presence of T1460
phosphorylation in recombinant TopoIIa and the presence of both pS227/pT232 and
pT232 Aurora B species being present in the WT recombinant protein it is likely that
the TopoIIa assessed in these experiments contains a combination of S29 and
T1460 phosphorylation. Whilst data showing that DLD-1 cells expressing GFPTopoIIa T1460A can still be phosphorylated at the S29 site indicates that the
phosphorylation of these two sites are not reliant upon each other, it is does not
discount the possibility that the combined phosphorylation of both of these sites may
be crucial for maximal efficiency of TopoIIa decatenation activity. The generation of
recombinant TopoIIa has however proven difficult, with the recombinant protein
utilised in this thesis being produced using a proprietary method by TopoGENÔ.
Together the data in this chapter indicates a model wherein the caspase-mediated
cleavage of PKCe leads to phosphorylation of Aurora B which is important for the
appropriate localisation of TopoIIa. The inhibitory cell cycle effect of TopoIIa
inhibition of the metaphase-anaphase transition has been previously theorised to be
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reliant on the C-terminal Domain (CTD) of TopoIIa. The CTD of TopoIIa is not
important for the catalytic role of the enzyme but it has been indicated that structural
modifications of the CTD during the TopoIIa catalytic cycle, SPR, can be recognised
by checkpoint sensor proteins, engaging the metaphase delay in response to
continued activity of TopoIIa (Furniss et al., 2013, Skoufias et al., 2004). Combined
with the data presented in this chapter this theory could indicate that PKCe cleavage
and Aurora B S227 phosphorylation are essential for the proper engagement of the
TopoIIa mediated metaphase delay, as they are important for proper localisation. If
TopoIIa fails to localise to sites of catenation a global decrease in the levels of
catalytically active TopoIIa may provide insufficient signal to inhibit cell cycle
progression, allowing anaphase entry in the presence of unresolved catenation.
Failure to properly localise would also reduce the ability of TopoIIa to decatenate the
sister chromatids. As a result this could explain the dual effects of PKCe and Aurora
B in the response to DNA catenation.

The TopoIIa phospho-mutants S29A and T1460A do not affect localisation and also
have no effect upon the TopoIIa mediated metaphase delay. They do however affect
the decatenation process. Unlike with the roles of Aurora B and PKCe this is less
likely to be due to errors in targeting TopoIIa to sites of catenation. Blocking
modification of TopoIIa at these sites may affect the efficiency of one or more of the
processes involved in the catalytic activity of TopoIIa in the SPR. Several point
mutations have been identified in yeast that disrupt the SPR by interfering with
processes including G-segment binding, G-segment cleavage, ATP-gate closure,
ATP hydrolysis and T-transport (Furniss et al., 2013). Some of these mutations can
arrest the SPR whilst others function to slow the SPR cycle. The increased efficiency
of TopoIIa decatenation could indicate that phosphorylation of TopoIIa S29 and/or
T1460 is able to improve the efficiency of one or more steps of SPR.

205

Chapter 6. Results

Figure 6.21 Developing model - Caspase-7-mediated PKCe cleavage triggers a
signalling cascade that functions through Aurora B and TopoIIa

PKCe undergoes proteolytic cleavage in pro-metaphase. This cleavage event is
mediated by caspase-7 and generates a constitutively active kinase domain. The
constitutively active PKCe kinase domain phosphorylates Aurora B at S227, which is
required for the engagement of the topoIIa mediated metaphase response. Aurora
B phosphorylated at S227 further phosphorylates TopoIIa at S29. Phosphorylation
of TopoIIa at S29 increases the efficiency of decatenation.
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Chapter 7.

Discussion

The aim of this thesis was to develop a greater understanding of the series of events
leading to stalled metaphase in response to TopoIIa inactivation. The experiments
detailed in this thesis describe a signalling pathway involving a combination of
proteolytic and phosphorylation events that co-ordinate the engagement of the
TopoIIa mediated metaphase response.

7.1 PKCe cleavage liberates an active kinase domain

The caspases are a family of proteases that have proteolytic roles in a variety of
cellular processes. Alongside the well-documented cleavage events that directly link
caspases to the initiation of apoptotic programmes, screens from apoptotic cells have
shown that caspases cleave a number of proteins involved in crucial signalling
mechanisms. The cleavage of signalling proteins can result in functional inactivation
through the disruption of protein activity, often by altering the structural and
scaffolding behaviours of such proteins. Caspase proteolysis can also have the
contrasting effect of activating proteins, for example p21 activated kinase and
MEKK1 both undergo activating apoptotic cleavage events that drive pro-apoptotic
behaviours (Widmann et al., 1998).
Various PKC family members are cleaved in apoptotic cells, with this family of
kinases commonly activated by caspase cleavage (Mizuno 1997). The caspasedriven cleavage of PKC 𝛿, 𝜃 and 𝜇 is functionally linked to pro-apoptotic roles (Endo
et al., 2000, Datta et al., 1997, Emoto et al., 1995). Conversely, PKCe cleavage
demonstrates an anti-apoptotic function, with PKCe cleavage conferring protection
from TNF-induced apoptosis despite the large amount of sequence homology
between the free kinase domains that are generated following PKC isoform cleavage
(Basu et al., 2002).
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The importance of caspase activity in a number of cellular pathways distinct from
apoptotic behaviours are becoming increasingly evident. Several roles in the
regulation of proliferation have been observed, with many of these specific to
individual caspase family members. For example, whilst several of the caspase
family members were activated in mitosis in HepG2 cells, only caspase-7 activity
was demonstrated to be important for regulation of proliferation (Hashimoto et al.,
2008). This is suggestive of divergent and essential roles for individual caspase
members, which indicates a more finely-tuned behaviour than would otherwise be
expected when the similarities in substrate specificity and apparent redundancy in a
number studied functions of certain caspase family members are considered
(Zuzarte-Luis et al., 2006, Golstein and Kroemer, 2005). Mouse knock-out models
further support this hypothesis, as loss of individual caspase family members led to
varying phenotypes. Study of caspase-7-/- or caspase-3-/- knock-out mice, and
embryonic fibroblasts derived from these mouse models (MEFs), demonstrates that
there is redundancy in a number of behaviours. However, some distinct functionality
is also observed, despite the almost identical substrate-recognition profiles of these
closely related caspases (Lamkanfi et al., 2009).
Extra levels of control involving the modification of substrates may modulate these
more tightly regulated behaviours. There is evidence of co-dependence between
phosphorylation and proteolysis (Renatus and Farady, 2012, Kurokawa and
Kornbluth, 2009). Proteolysis has been associated with the exposure of
phosphorylation sites, while protein phosphorylation has been linked to both the
negative and positive regulation of proteolysis. A study in apoptotic cells
demonstrated that there was an enrichment of phosphorylation events on caspase
sites. These phosphorylation events frequently clustered around the site of
proteolytic cleavage, indicating the existence of a cell death-related phosphorylation
network (Dix, 2012). The combinatory effects of proteolysis and phosphorylation offer
mechanisms by which the functionality of the caspase family members could be
refined in cellular processes, allowing for more specific roles for these closely related
proteases. While this work is linked to apoptotic processing, this regulatory
relationship is likely to play a role in the broader cellular functions of caspase. The
fine-tuning of caspase activity is also regulated by modifications of the protease itself,
as post-translational modification of caspases has been implicated in the direction of
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enzymatic activity, targeted degradation, and localisation (Hayashi et al., 2006, Li et
al., 2011). It has been demonstrated that mutation of caspase, particularly those
resulting in structural perturbations could re-programme the substrate specificity of
the proteases, with mutations engineered in caspase-7 altering the substrate
specificity to mimic that of caspase-6 (Hill et al., 2016). It is possible that certain
modifications of caspase-7 may be required to target proteolytic activity of the
enzyme at non-canonical cleavage sites, such as the PKCe D383 cleavage site.

The relative involvement of specific modifications of PKCe and caspase-7 in the
signalling pathway detailed in this thesis remains unclear. Whilst the PKCe D383
cleavage site initially presented a promising option for phosphorylation driven
alteration to the cleavage site that could promote caspase-7 recognition, the work
presented indicates that this is not the case. Blocking phosphorylation of flanking
serine residues failed to block PKCe cleavage, demonstrating that modification of
these sites was not required for proteolysis. Therefore, it is more likely that
modification caspase-7 itself is required to drive proteolysis at this site. The
requirement for specific modifications may promote spatio-temporal regulation of
PKCe cleavage. Further work will be required to fully address the potential
requirement of modification of caspase-7 and/or PKCe to regulate PKCe cleavage.

7.2 Catenation resolution- the effect of caspase-7/PKCe/Aurora
B pathway on SPR.

PKCe cleavage results in the engagement of a programme that functions to protect
the integrity of DNA in dividing cells. The caspase-7/PKCe pathway is required for
both efficient decatenation and engagement of the TopoIIa-mediated metaphase
delay. These cellular processes function through the phosphorylation of a key
regulator of mitosis, Aurora B at S227. Following the phosphorylation of Aurora B
S227 there is bifurcation of the signalling pathway, where one arm leads to a specific
pattern of phosphorylation of TopoIIa that may affect the efficiency of the catalytic
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cycle of the enzyme, and the second arm triggers a metaphase delay in response to
excess catenation.
The catalytic activity of TopoIIa that is responsible for the resolution of catenation is
known as the SPR, and is composed of a series of tightly regulated stages that
involve major structural remodelling in an ATP-dependent manner. Disruption of any
of these stages can lead to errors in the decatenation process. A range of TopoIIa
mutants that perturb the SPR in yeast have been identified throughout the different
domains of the enzyme, demonstrating the importance of certain regions of TopoIIa
for key stages of the process. Residues K651 and Y782 are required for interactions
with the G-strand, as these mutations affect DNA binding and DNA cleavage
respectively (Liu and Wang, 1998, Liu and Wang, 1999). G144 is crucial for ATP
binding (Lindsley and Wang, 1991), E66 for ATP hydrolysis and T-transport (Baird
et al., 1999), and the release of DNA from the enzyme is dependent upon residues
L475 and L480 (Wasserman and Wang, 1994). As well as mutations that completely
disrupt distinct stages of the SPR, there are also mutations that function to slow the
process. Mutation of F997, G738 and P824 all function to inhibit the speed of the
SPR cycle. It is interesting to note that not all of the mutations that affect the SPR
cycle are associated with the engagement of the TopoIIa mediated metaphase
delay. Those involved with the disruption of DNA binding (K651A, Y782F) have been
shown to disrupt SPR without triggering a metaphase stall, while mutations that affect
ATP binding or hydrolysis (G144I, E66Q, F997L, L475A/L480P) correlate with an
extended metaphase (Furniss et al., 2013). This is suggestive of a requirement for
TopoIIa to be present on the chromatin in order to drive the TopoIIa mediated
metaphase delay.
TopoIIa S29 and T1460 residues are not present in any interaction interfaces
common to the residues identified as important for the SPR, S29 maps to the Nterminal region of the enzyme, which is involved in G-segment binding, cleavage,
and ATP binding and hydrolysis, and T1460 is present in the nuclear localisation
sequence (NLS) present in C-terminal domain (CTD) of the enzyme. Phosphorylation
of S29, that can be mediated by the S227/T232-phosphorylated form of Aurora B,
has been demonstrated in vitro to increase catalytic activity of the enzyme. This
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indicates TopoIIa S29 phosphorylation may have a role in the SPR. Owing to the
localisation of this residue, phosphorylation may function to aid G-segment or ATP
interactions. Phosphorylation of TopoIIa T1460 however, has no apparent effect
upon TopoIIa catalytic activity in vitro indicating that phosphorylation of this residue
may not be required for SPR. The CTD of TopoIIa has been implicated in several
important roles in the modulation of the behaviour of the enzyme, including nuclear
localisation, enhancing the association with catenation, and facilitating efficient DNA
catenation (Kawano 2016). The phospho-mutant T1460A retains appropriate
localisation behaviours, as observed using immunofluorescence, which would
suggest phosphorylation of this residue is not important for this function of the CTD.
Further work will be required to tease apart the specific roles of these
phosphorylation events upon the catalytic activity of TopoIIa. Generation of
recombinant phospho-mutant forms of TopoIIa, and adoption of a CRISPR/Cas9
gene editing approach to introduce mutations would aid in this study. Limitations of
the methods used in this thesis, including incomplete knockdown in cellular assays
and basal levels of phosphorylation of both S29 and T1460 in the recombinant
TopoIIa, have not allowed for investigation of these TopoIIa phosphorylation events
in isolation, and may have masked any effects of TopoIIa T1460 phosphorylation on
catenation efficiency. Phospho-mutant recombinant TopoIIa protein would provide a
more suitable system to study the effect of TopoIIa phosphorylation and allow for
investigation of any interdependence of these two phosphorylation events.

7.3 TopoIIa mediated metaphase delay - the effect of caspase7/PKCe/Aurora B pathway on SAC.

The second arm of the cas7/PKCe/Aurora B pathway involves the engagement of a
metaphase delay in response to TopoIIa activity, the TopoIIa-mediated metaphase
delay. This response functions independently of effects upon TopoIIa S29/T1460
phosphorylation, with the mutation of either of these resides having no discernible
effect upon timing of the metaphase-anaphase transition. In this process, the onset
of anaphase is delayed through the regulation of a sub-set of SAC proteins
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(Brownlow et al., 2014, Skoufias et al., 2004). Anaphase onset is triggered by the
loss of key proteins from the kinetochore of sister chromatids that have achieved
biorientation. Aurora B activity has well studied roles in this process (Ditchfield et al.,
2003, Gurden et al., 2016). The work detailed in this thesis demonstrates that there
is another layer of control in this process, one that is imposed by the activity of the
cleaved PKCe kinase domain.
Several SAC proteins have been shown to be non-essential for the delay in
anaphase onset controlled by the TopoIIa-mediated metaphase delay. BubR1 has
however been demonstrated to be important for this process, with retention of BubR1
observed at the kinetochore of ICRF-193 treated cells even after biorientation had
been established, as determined by loss of other SAC proteins (Brownlow et al.,
2014). Interestingly, a relationship between TopoIIa, Aurora B, and BubR1 has been
described in studies by Coelho et al. (2008). They showed that TopoIIa inhibition
resulted in a stalled cell cycle and reduced activity of Aurora B, as determined by
histone H3 S10 phosphorylation (Coelho et al., 2008). The effect of TopoIIa inhibition
on anaphase progression could be recovered by depletion of BubR1, which also
recovered histone H3 S10 phosphorylation. Accumulation of dynein and BubR1 at
the kinetochore has also been observed following PKCe inactivation (Martini et al.,
2017). These data support the hypothesis that the cell cycle stall may function
through disrupting dynein mediated streaming of BubR1 from the kinetochore.

7.4 Engagement of the TopoIIa-mediated metaphase response

PKCe cleavage to generate a free kinase domain is an essential requirement for the
engagement of the TopoIIa-mediated metaphase delay. It is interesting to note that
the expression of PKCe kinase domain or artificial, TEV-driven PKCe cleavage is not
sufficient to stall cell cycle at the metaphase-anaphase transition in the absence of
TopoIIa inhibition. This indicates that at this stage the signalling pathway is still
sensitive to regulation by TopoIIa function. While this does not discount a role for a
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TopoIIa-mediated event that functions upstream

of PKCe cleavage and

subsequently drives this proteolytic event, it does demonstrate that TopoIIa function
has an important role in the propagation of the signalling pathway driven by free
PKCe kinase domain.

The role of TopoIIa in the regulation of the metaphase to anaphase transition can be
further demonstrated to not be solely dependent on the failure to decatenate the
sister chromatids. This is evident when studying the metaphase-anaphase transition
time in cell lines in which PKCe proteolysis or Aurora B S227 phosphorylation have
been disrupted. Both of these events are shown to result in an increase in the
presence of metaphase catenation, yet in neither case is a metaphase delay
observed in the absence of TopoIIa inhibition. This suggests a more integral role for
TopoIIa activity in triggering the metaphase delay than would be described simply
by the role in removing catenation.
It has previously been proposed that the structural conformation adopted by the Cterminal domain (CTD) of TopoIIa is involved in transmission of delay signals. (Furniss
et al., 2013, Clarke et al., 2006, Lane et al., 2013). This hypothesis, initiating from
observations in yeast, suggests that a specific conformation adopted by the TopoIIa CTD
as a result of the major conformational changes that occur during the SPR is specifically
recognized by the machinery involved in the engagement of a metaphase stall. The
recognition of a specific TopoIIa CTD conformation would represent an elegant system
that would allow the cell to respond to ongoing catenation resolution. The work presented
in this thesis would support this hypothesis, as under conditions resulting in an inability
to engage the TopoIIa-mediated metaphase delay, including blocking PKCe cleavage or
Aurora B phosphorylation, also demonstrate inappropriate localization of TopoIIa. The
enzymes failure to demonstrate the punctate centromeric localization observed in control
cells could lead to a decrease of TopoIIa at sites of catenation, resulting in a global
decrease in the SPR and consequently less TopoIIa in the appropriate conformation to
engage the metaphase delay.

The involvement of the CTD of TopoIIa could explain the apparent lack of
redundancy between the two isoforms of TopoII in this system. There are two
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isoforms of TopoII in mammalian cells, TopoIIa and TopoII𝛽. These isoforms share
a highly conserved catalytic core but highly variable CTDs, which are linked to
distinct functionality in cells (Woessner et al., 1991). Whilst the two isoforms of TopoII
have been shown to exhibit redundant activities in relation to decatenation and with
the presence of both isoforms being linked to a more efficient G2 catenation
response (Kozuki et al., 2017), there is an apparent reliance upon TopoIIa activity
for the engagement of the TopoIIa mediated metaphase delay. Following ICRF-193
inhibition of TopoIIa there is no evidence of compensatory behaviour of TopoII𝛽
despite this isoform not being fully excluded from metaphase chromosomes, and
retaining the ability to engage in catalytic DNA turnover (Morten O. Christensen et
al., 2002). It is important to consider the possibility of TopoII𝛽 degredation upon
treatment with ICRF-193, which has been reported for a select set of cell lines
(probing for TopoII𝛽 in the cell models here before and following ICRF-193 treatment
could exclude/confirm this possibility), but it is possible that a reliance upon the CTD
of TopoIIa for engagement of the metaphase delay could effectively exclude the
ability of TopoII𝛽 to affect an equivalent cellular response.
A controversial topic surrounding the involvement of TopoIIa-mediated responses in cell
cycle control is that of their cellular trigger. One of the aims of this thesis was to
investigate how the PKCe-dependent cell cycle response was engaged. It had previously
been considered that PKCe may function downstream of TopoIIa CTD signalling, with
PKCe engagement triggered by this monitoring of TopoIIa activity, rather than by
detection of the lesion itself (Brownlow et al., 2014), however, the data presented in this
thesis indicates that this is not the case. The data confirms that TopoIIa catalytic activity
plays an important role in the generation of metaphase delay, as this catalytic activity
appears to function after PKCe engagement. This begs the question - how is the
signaling pathway being engaged?

PKCe cleavage, which has been demonstrated to be a crucial event in the signalling
pathway responsible for cell cycle regulation, is insensitive to ICRF-193 treatment or
the presence of a robust G2 catenation response, which should exhibit high levels
and low levels of DNA catenation in mitosis respectively. This is suggestive of a
protective programme that is engaged constitutively during the cell cycle, irrespective
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of the presence of excess catenation in mitosis, indicating that this pathway is
unlikely to be triggered as a result of persistent catenation. Therefore, it is possible
this response could be triggered constitutively by the presence of catenation in earlier
stages of the cell cycle.

As the cleavage of PKCe appears not to be influenced by G2 catenation checkpoint
status, it would indicate the existence of two independently regulated pathways.
Whilst the implementation of both of these protective pathways may be triggered by
a related signalling event, the cell cycle effects are mediated by parallel processes
that demonstrate no obvious interdependence. One of the reasons the study of
TopoIIa-mediated metaphase delay is of particular interest is as a result of the
differential reliance of cancer-derived cell lines and non-cancer derived cell lines
upon this response (Brooks et al., 2014, Doherty et al., 2003, Nakagawa et al., 2004).
G2 catenation responses are not reported to be deficient in any normal cell type
(Damelin and Bestor, 2007), so the metaphase delay is rendered redundant as cells
will arrest prior to mitotic entry pending the resolution of any excess catenation. This
raises the question as to how a non-essential cellular response could have evolved.
The answer to this question could lie in the study of undifferentiated cells. The cell
cycle in undifferentiated cells such as embryonic stem and progenitor cells has
several distinctions when compared to cells further along the differentiation pathway,
including shortened growth phases and a notable lack of reliance upon the G2
catenation checkpoint (Ballabeni et al., 2011). The G2 catenation checkpoint in
mouse embryonic stem cells, neural and hematopoietic progenitor cells has been
shown to be highly inefficient (Damelin and Bestor, 2006). As cells differentiate the
G2 catenation checkpoint becomes more prevalent, with these differentiated cells
showing a robust arrest at the G2/M boundary upon inhibition of TopoIIa activity
(Damelin et al., 2005). The emergence of the G2 catenation checkpoint has been
suggested to relate to relative levels of TopoII isoforms within the cell, and the
(Kozuki et al., 2017). The presence of a functional TopoIIa-mediated metaphase
delay in undifferentiated cells remains undetermined, but the lack of a functional G2
catenation checkpoint in undifferentiated populations could explain the requirement
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for multiple, constitutively activated cell cycle responses to protect from cell division
in the presence of unresolved catenation.

7.5 Maintaining the TopoIIa mediated metaphase delay

Following TopoIIa inactivation, the caspase-7/PKCe/Aurora B signalling pathway
engages a cell cycle response that stalls cells prior to anaphase entry. However, this
cell cycle response only represents a delay, with cells progressing through anaphase
independently of catenation resolution. This is evidenced by the increased presence
of anaphase brides and segregation errors observed in cells exiting the extended
metaphase generated by ICRF-193 treatment. This may indicate the presence of
other limiting factors preventing complete cell cycle arrest. The information presented
in this thesis indicates that the topoIIa-mediated metaphase delay could function by
adding an additional layer of control upon a sub-set of SAC proteins. This may result
in a reduction in APC/C activation rather than complete blockade. As a result, over
time, this reduced APC/C activity could lead to sufficient degradation of
cyclinB/CDK1 to trigger anaphase onset. The onset of anaphase entry prior to
catenation resolution could be the result of checkpoint exhaustion, rather than a
controlled event (Toledo et al., 2017).
The function of PKCe cleavage at the D451 site was not further characterised in this
thesis owing to a lack of phenotypic effect observed under experimental conditions.
Cleavage of PKCe at the D451 site possibly represents an inhibitory event, as the
cleavage site maps to a region within the catalytic domain required for ATP binding.
As a result, it was initially hypothesised that this may constitute an off-switch for the
PKCe-mediated signalling pathway that is responsible for engaging the TopoIIa
dependent metaphase delay that allows progression through anaphase following
catenation resolution. This was demonstrated not to be the case, as blocking the
cleavage event had no effect upon the metaphase-anaphase transition delay. The
release from the delay is more likely mediated through regulation of the SAC
proteins. PKCe cleavage at D451 may still represent the initiation of the degradation
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pathway to avoid unwanted activity of the free PKCe kinase domain. Only one
regulatory fragment is generated by PKCe cleavage, which suggests PKCe cleavage
at D383 and D451 represents sequential events. This could be further studied by
assessing the relative proportion of PKCe cleavage fragments in cells at various time
points following their release from a G2 arrest. If observation of the 43 kDa free
kinase fragment precedes that of the 35 kDa fragment it could support the theory
that PKCe cleavage at the D451 site as an inactivating event.

7.6 The therapeutic potential of targeting the TopoIIa mediated
metaphase delay.

The increased reliance upon the TopoIIa-mediated metaphase delay between cells
derived from certain cancerous tissue provides a unique opportunity for therapeutic
intervention. In tumours that show an increased dependency upon the caspase7/PKCe/Aurora B signalling pathway, due to a weak G2 catenation checkpoint, the
combined targeting of TopoIIa and key drivers of this pathway could offer a novel
therapeutic approach directed specifically at cancerous cells. This would involve suboptimal dosing with TopoIIa inhibitors, coupled with treatments targeted at blocking
the caspase-7/PKCe/Aurora B pathway. This would effectively force cancerous cells
through mitosis in the presence of excess catenation, resulting in chromosome nondisjunction, DNA damage, which may drive cell death. Cells with a functional G2
catenation checkpoint should arrest prior to mitotic entry until residual catenation is
resolved, allowing for specific lethality in cancerous cells.

As well as the previously identified PKCe activity, the activity of caspase-7 and Aurora
B have been identified to play integral roles in the engagement of the TopoIIa
mediated metaphase delay.
The benefits and limitations of various approaches for directly targeting PKCe activity
in cancer therapy is explored in greater detail earlier in this thesis.

217

Chapter 7. Discussion

A number of studies have linked the aberrant expression of aurora kinases to cancer
(Vischioni et al., 2006, Chen et al., 2009)and this has led to a great effort attempting
to develop Aurora kinase inhibitors (Borisa and Bhatt, 2017). A selective inhibitor of
Aurora B, Bazasertib (AZD1152), which demonstrates 100-fold selectivity over
Aurora A has demonstrated promising effects in the treatment of a variety of
leukaemia cell lines and is currently in stage 3 trials (Mortlock et al., 2007, Borisa
and Bhatt, 2017, Wilkinson et al., 2007). This inhibitor has also been shown to
sensitise cells to TopoII inhibition (Yang et al., 2007). This observation could support
the hypothesis that Aurora B and TopoIIa can operate synergistically in critical
cellular functions and is a promising indicator for the potential for combination
therapy.
Caspase inhibition is not a common target for cancer therapy, with cancer
therapeutics being aimed rather at the activation of caspase family members than
their inhibition. Evasion of programmed cell death is a hallmark of cancer, and as a
result inhibiting the activity of caspases is more likely to drive oncogenic progression
(Hanahan and Weinburg, 2000). Whilst this means global caspase-7 activity is
probably not a suitable drug target, blocking modification of caspase-7. Further
experimentation will be required to validate the hypothesis that caspase-7
modification is required for recognition of the PKCe D383 cleavage site, however if it
is indeed the case it raises the potential of targeting this modification pathway. The
interaction of PKCe and caspase-7 may also be targetable. This concept has been
demonstrated recently through rationally designed peptide inhibitors, such as eV1-2,
which works to disrupt PKCe binding to RACK, thereby disrupting canonical
activation of the kinase (Budas GR et al., 2010). This raises the possibility of
generating rationally designed inhibitory peptides that could block the proteasesubstrate relationship between caspase-7 and PKCe. Either of these approaches
could potentially allow for specific disruption of the TopoIIa-mediated metaphase
delay, without affecting the other cellular roles of the two proteins. The ability to target
this interaction specifically would be advantageous, due to the broad spectrum of
cellular functions mediated by both proteins, and the potentially deleterious sideeffects that could occur as a result of a more general inhibition of function.
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For this approach to be useful in a therapeutic context the presence of biomarkers
for compromised G2 catenation checkpoint would be needed. Unpublished work
from the laboratory has identified key factors in the maintenance of a functional G2
catenation checkpoint. Early work has demonstrated that cells derived from patients
with mutations in one of these key factors fail to arrest at the G2/M boundary upon
ICRF-193 treatment.
An important consideration is whether bypassing the TopoIIa-mediated metaphase
response would limit the survival of a tumour or provide an opportunity to drive
oncogenic progression. Driving cell division in the presence of excess catenation will
result in chromosome non-disjunction and aneuploidy, leading to chromosome
instability (CIN) (Thompson et al., 2010, Janssen et al., 2011). CIN is a common
feature of cancer, and results in the continual loss and gain of whole or parts of
chromosomes (Geigl et al., 2008). CIN can result in the formation of a genetically
diverse pool of tumour cells, and under selective pressure this can drive the
emergence of tumour sub-clones that demonstrate increased fitness (Sansregret et
al., 2017). As a result, aneuploidy and CIN are often associated with poor prognosis
and multi-drug resistance (Sansregret et al., 2017, Lee et al., 2011). While excessive
CIN can drive tumourigenesis, it can also have the paradoxical effect of driving cell
death, suppressing tumour growth. It has been suggested that there is a tolerable
threshold for genetic change above which cells cannot survive (Godek et al., 2016),
as high levels of uncontrolled mutation increase the probability of accumulating
deleterious mutations in essential genes. Given the tumour-promoting potential of
CIN, it is important to ensure that the DNA damage induced by the disruption of
TopoIIa-mediated metaphase delay is sufficient to limit tumour growth by causing
cell death, rather than drive tumour adaptability. Preliminary work in HeLa cells
indicates that progression through the cell cycle in the presence of unresolved
catenation generates gross segregation issues, which result in a failure of
subsequent cycles of cell division. These initial findings are highly encouraging, and
support the hypothesis that inhibiting the TopoIIa-mediated metaphase response in
tumours represents a promising and specific novel therapeutic intervention. Further
work remains to be done to confirm these observations, and to investigate the full
potential of inhibiting the TopoIIa-mediated metaphase response. Of particular
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importance would be the assessment of tumour xenograft mouse models, as this
context would provide an excellent opportunity to investigate the effects of such
treatment on both tumour and normal cells, and also to assess the effects of the
inhibition of the TopoIIa-mediated metaphase response on tumour cells in an
otherwise normal background.

7.7 Concluding remarks

In conclusion, the data presented demonstrates that the TopoIIa mediated
metaphase delay is engaged as a result of a signalling cascade triggered by noncanonical PKCe activation. This non-canonical activation involves caspase-7
mediated cleavage of PKCe in the V3 hinge domain of the kinase, separating the
kinase and regulatory domains allowing for constitutive activation of the kinase. Cofactor independent PKCe kinase domain subsequently drives Aurora B S227
phosphorylation triggering a bi-furcating (yet related) pathway; driving both efficient
TopoIIa catalytic activity, and a metaphase stall in response to persistent catenation.
The current working model is shown in figure 7.1
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Figure 7.1 Working model

Schematic detailing the mechanistic details behind the role of PKCe in both efficient
decatenation and the topoIIa mediated metaphase response as described in this
thesis. The detection of catenation, potentially through recognition of DNA distortion,
triggers the engagement of a protective, cell cycle regulatory programme, to avoid
DNA damage. This involves modulation of caspase-7 driving recognition of the noncanonical PKCe D383 cleavage site. The cleaved PKCe species represents a free
catalytic domain that is uncoupled from the requirement of co-factor binding for
activation. Activity of cleaved PKCe leads to phosphorylation of Aurora B at S277.
Aurora B lacking S227 phosphorylation has been shown to phosphorylate TopoIIa
at T1460 but upon Aurora B S227 phosphorylation there is a switch in substrate
specificity driving phosphorylation of TopoIIa S29. Phosphorylation of TopoIIa S29
is required for efficient decatenation, and whilst Aurora B S227 phosphorylation is
also crucial for engagement of the TopoIIa mediated delay, this cellular response
functions independently of TopoIIa phosphorylation at either S29 or T1460. The
PKCe kinase domain fragment is predicted to beinactivated by subsequent cleavage
of D451.
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Appendix 1

Inducible expression of PKCe, TopoIIa and Aurora B was achieved by stable
transfection of vectors into DLD-1 cells, containing the FRT insertion loci, using the
T-Rex™ Flp-In system (Invitrogen). GFP-tagged PKCe, TopoIIa and Aurora B
sequences were inserted into the pcDNA™5/FRT/TO vector (figure 8.1). The
nucleotide sequence, along with key features, for the exogenously expressed PKCe
and TopoIIa are detailed below. Constructs for expression of Aurora B were
generated by Dr Tanya Soliman, more information can be found in the recent
publication by Pike et al. (Pike et al., 2016).
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Figure 8.1 Vector map of pcDNA5/FRT/TO

Vector map of construct into which PKCe, TopoIIa and Aurora B sequences were
inserted to allow inducible expression of exogenous protein. Key features including
the multiple cloning site, antibiotic selection, promoter and tet-responsive elements
are shown. Image adapted from the Invitrogen manual for use of the vector, further
information
about
use
of
the
plasmid
can
be
found
at
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/pcdna5frtto_man.pdf
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8.1 GFP-PKCe

5’ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGT
CGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGG
CGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACC
GGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGC
GTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCA
AGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGA
CGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCT
GGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATC
CTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGG
CCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACAT
CGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCAT
CGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTC
CGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGA
GTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTCC
GGACTCAGATCTCGAGCTCAAGCTTCGAATTCTGCAGTCGACGGTACCATGG
TAGTGTTCAATGGCCTTCTTAAGATCAAAATCTGCGAGGCGGTGAGCTTGAAG
CCCACAGCCTGGTCGCTGCGCCATGCGGTGGGACCCCGGCCACAGACGTTC
CTTTTGGACCCCTACATTGCCCTTAACGTGGACGACTCGCGCATCGGCCAAA
CAGCCACCAAGCAAAAGACCAACAGCCCGGCCTGGCACGATGAGTTCGTCAC
CGATGTGTGCAATGGGCGCAAGATCGAGCTGGCTGTCTTTCACGACGCTCCT
ATCGGCTACGACGACTTCGTGGCCAACTGCACCATCCAGTTCGAGGAGCTGC
TGCAGAATGGGAGCCGTCACTTCGAGGACTGGATTGACCTGGAGCCAGAAGG
AAAAGTGTACGTGATCATCGATCTCTCGGGATCATCGGGTGAAGCCCCTAAAG
ACAATGAAGAACGAGTGTTCAGGGAGCGTATGCGGCCAAGGAAGCGGCAAG
GGGCTGTCAGGCGCAGGGTCCACCAGGTCAATGGCCACAAGTTCATGGCCA
CCTACTTGCGGCAACCCACCTACTGCTCCCACTGCAGAGATTTCATCTGGGGT
GTCATAGGAAAACAGGGATATCAATGTCAAGTTTGCACTTGCGTTGTCCACAA
GCGATGTCATGAGCTCATTATTACAAAGTGCGCTGGGCTGAAGAAACAGGAAA
CCCCTGACGAGGTGGGCTCCCAACGGTTCAGCGTCAACATGCCCCACAAGTT
CGGGATCCACAACTACAAGGTCCCCACGTTCTGTGACCACTGTGGGTCCCTG
CTCTGGGGCCTCTTGCGGCAGGGCTTGCAGTGTAAAGTCTGCAAAATGAATG
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TTCACCGGCGATGTGAGACCAATGTGGCTCCCAACTGTGGGGTAGACGCCAG
AGGAATTGCCAAAGTGCTGGCTGACCTTGGTGTTACTCCAGACAAAATCACCA
ACAGTGGCCAAAGGAGGAAAAAGCTCGCTGCTGGTGCTGAGTCCCCACAGCC
GGCTTCTGGAAACTCCCCATCTGAAGACGACCGATCCAAGTCAGCGCCCACC
TCCCCTTGTGACCAGGAACTAAAAGAACTTGAAAACAACATTCGGAAGGCCTT
GTCATTTGACAACCGAGGAGAGGAGCACCGAGCGTCGTCGGCCACCGAT*GG
CCAGCTGGCAAGCCCCGGAGAGAACGGGGAAGTCCGGCCAGGCCAGGCCA
AGCGCTTGGGGCTGGATGAGTTCAACTTCATCAAGGTGTTGGGCAAAGGCAG
CTTTGGCAAGGTCATGTTGGCGGAACTCAAAGGCAAAGATGAAGTCTACGCT
GTGAAGGTCTTGAAGAAGGACGTTATCCTACAAGACGATGATGTGGACTGCA
CAATGACAGAGAAGAGGATTTTGGCTCTGGCTCGGAAACACCCTTATCTAACC
CAACTCTATTGCTGCTTCCAGACCAAGGACCGCCTCTTCTTCGTCATGGAATA
TGTAAATGGTGGAGACCTCATGTTCCAGATTCAGCGGTCCCGAAAATTTGATG
AGCCTCGTTCTCGGTTCTATGCCGCAGAGGTCACATCAGCCCTCATGTTTCTC
CACCAGCACGGAGTGATCTACAGGGATTTGAAACTGGACAACATCCTTCTAGA
TGCAGAAGGCCACTGCAAGCTGGCTGACTTTGGGATGTGCAAGGAAGGGATT
ATGAATGGTGTGACAACTACCACCTTCTGTGGGACTCCTGACTACATAGCTCC
AGAGATCCTACAGGAGTTGGAGTACGGCCCCTCAGTGGACTGGTGGGCCCT
GGGGGTGCTGATGTACGAGATGATGGCTGGGCAGCCCCCCTTTGAAGCTGA
CAACGAGGACGACTTGTTCGAATCCATCCTTCATGATGATGTTCTCTATCCTGT
CTGGCTTAGCAAGGAAGCTGTCAGCATCCTGAAAGCTTTCATGACCAAGAACC
CGCACAAGCGCCTGGGCTGTGTGGCAGCGCAGAACGGGGAGGACGCCATCA
AGCAACATCCATTCTTCAAGGAGATTGACTGGGTACTGCTGGAGCAGAAGAAA
ATCAAGCCCCCCTTCAAGCCGAGAATTAAAACCAAAAGAGATGTCAATAACTT
TGACCAAGACTTTACGCGGGAAGAGCCAATACTTACACTTGTGGATGAAGCAA
TCATTAAGCAGATCAACCAGGAAGAATTCAAAGGCTTCTCCTACTTTGGTGAA
GACCTGATGCCCTGA-3’
Green- N-terminal GFP
Red- Residues mutated to generate PKCe phospho-mutants: S379A (T-G), S380A
(T-G) and cleavage mutants: D383N (G-A), and D451N (G-A)
TEV insertion site is indicated with an asterisk.
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8.2 GFP-TopoIIa

ATGGAAGTGTCACCATTGCAGCCTGTAAATGAAAATATGCAAGTCAACAAAAT
AAAGAAAAATGAAGATGCTAAGAAAAGACTGTCTGTTGAAAGAATCTATCAAAA
GAAAACACAATTGGAACATATTTTGCTCCGCCCAGACACCTACATTGGTTCTG
TGGAATTAGTGACCCAGCAAATGTGGGTTTACGATGAAGATGTTGGCATTAAC
TATAGGGAAGTCACTTTTGTTCCTGGTTTGTACAAAATCTTTGATGAGATTCTA
GTTAATGCTGCGGACAACAAACAAAGGGACCCAAAAATGTCTTGTATTAGAGT
CACAATTGATCCGGAAAACAATTTAATTAGTATATGGAATAATGGAAAAGGTAT
TCCTGTTGTTGAACACAAAGTTGAAAAGATGTATGTCCCAGCTCTCATATTTGG
ACAGCTCCTAACTTCTAGTAACTATGATGATGATGAAAAGAAAGTGACAGGTG
GTCGAAATGGCTATGGAGCCAAATTGTGTAACATATTCAGTACCAAATTTACTG
TGGAAACAGCCAGTAGAGAATACAAGAAAATGTTCAAACAGACATGGATGGAT
AATATGGGAAGAGCTGGTGAGATGGAACTCAAGCCCTTCAATGGAGAAGATTA
TACATGTATCACCTTTCAGCCTGATTTGTCTAAGTTTAAAATGCAAAGCCTGGA
CAAAGATATTGTTGCACTAATGGTCAGAAGAGCATATGATATTGCTGGATCCA
CCAAAGATGTCAAAGTCTTTCTTAATGGAAATAAACTGCCAGTAAAAGGATTTC
GTAGTTATGTGGACATGTATTTGAAGGACAAGTTGGATGAAACTGGTAACTCC
TTGAAAGTAATACATGAACAAGTAAACCACAGGTGGGAAGTGTGTTTAACTAT
GAGTGAAAAAGGCTTTCAGCAAATTAGCTTTGTCAACAGCATTGCTACATCCA
AGGGTGGCAGACATGTTGATTATGTAGCTGATCAGATTGTGACTAAACTTGTT
GATGTTGTGAAGAAGAAGAACAAGGGTGGTGTTGCAGTAAAAGCACATCAGG
TGAAAAATCACATGTGGATTTTTGTAAATGCCTTAATTGAAAACCCAACCTTTG
ACTCTCAGACAAAAGAAAACATGACTTTACAACCCAAGAGCTTTGGATCAACAT
GCCAATTGAGTGAAAAATTTATCAAAGCTGCCATTGGCTGTGGTATTGTAGAA
AGCATACTAAACTGGGTGAAGTTTAAGGCCCAAGTCCAGTTAAACAAGAAGTG
TTCAGCTGTAAAACATAATAGAATCAAGGGAATTCCCAAACTCGATGATGCCA
ATGATGCAGGGGGCCGAAACTCCACTGAGTGTACGCTTATCCTGACTGAGGG
AGATTCAGCCAAAACTTTGGCTGTTTCAGGCCTTGGTGTGGTTGGGAGAGACA
AATATGGGGTTTTCCCTCTTAGAGGAAAAATACTCAATGTTCGAGAAGCTTCTC
ATAAGCAGATCATGGAAAATGCTGAGATTAACAATATCATCAAGATTGTGGGT
CTTCAGTACAAGAAAAACTATGAAGATGAAGATTCATTGAAGACGCTTCGTTAT
GGGAAGATAATGATTATGACAGATCAGGACCAAGATGGTTCCCACATCAAAGG
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CTTGCTGATTAATTTTATCCATCACAACTGGCCCTCTCTTCTGCGACATCGTTT
TCTGGAGGAATTTATCACTCCCATTGTAAAGGTATCTAAAAACAAGCAAGAAAT
GGCATTTTACAGCCTTCCTGAATTTGAAGAGTGGAAGAGTTCTACTCCAAATC
ATAAAAAATGGAAAGTCAAATATTACAAAGGTTTGGGCACCAGCACATCAAAG
GAAGCTAAAGAATACTTTGCAGATATGAAAAGACATCGTATCCAGTTCAAATAT
TCTGGTCCTGAAGATGATGCTGCTATCAGCCTGGCCTTTAGCAAAAAACAGAT
AGATGATCGAAAGGAATGGTTAACTAATTTCATGGAGGATAGAAGACAACGAA
AGTTACTTGGGCTTCCTGAGGATTACTTGTATGGACAAACTACCACATATCTGA
CATATAATGACTTCATCAACAAGGAACTTATCTTGTTCTCAAATTCTGATAACG
AGAGATCTATCCCTTCTATGGTGGATGGTTTGAAACCAGGTCAGAGAAAGGTT
TTGTTTACTTGCTTCAAACGGAATGACAAGCGAGAAGTAAAGGTTGCCCAATT
AGCTGGATCAGTGGCTGAAATGTCTTCTTATCATCATGGTGAGATGTCACTAA
TGATGACCATTATCAATTTGGCTCAGAATTTTGTGGGTAGCAATAATCTAAACC
TCTTGCAGCCCATTGGTCAGTTTGGTACCAGGCTACATGGTGGCAAGGATTCT
GCTAGTCCACGATACATCTTTACAATGCTCAGCTCTTTGGCTCGATTGTTATTT
CCACCAAAAGATGATCACACGTTGAAGTTTTTATATGATGACAACCAGCGTGTT
GAGCCTGAATGGTACATTCCTATTATTCCCATGGTGCTGATAAATGGTGCTGA
AGGAATCGGTACTGGGTGGTCCTGCAAAATCCCCAACTTTGATGTGCGTGAAA
TTGTAAATAACATCAGGCGTTTGATGGATGGAGAAGAACCTTTGCCAATGCTT
CCAAGTTACAAGAACTTCAAGGGTACTATTGAAGAACTGGCTCCAAATCAATAT
GTGATTAGTGGTGAAGTAGCTATTCTTAATTCTACAACCATTGAAATCTCAGAG
CTTCCCGTCAGAACATGGACCCAGACATACAAAGAACAAGTTCTAGAACCCAT
GTTGAATGGCACCGAGAAGACACCTCCTCTCATAACAGACTATAGGGAATACC
ATACAGATACCACTGTGAAATTTGTTGTGAAGATGACTGAAGAAAAACTGGCA
GAGGCAGAGAGAGTTGGACTACACAAAGTCTTCAAACTCCAAACTAGTCTCAC
ATGCAACTCTATGGTGCTTTTTGACCACGTAGGCTGTTTAAAGAAATATGACAC
GGTGTTGGATATTCTAAGAGACTTTTTTGAACTCAGACTTAAATATTATGGATT
AAGAAAAGAATGGCTCCTAGGAATGCTTGGTGCTGAATCTGCTAAACTGAATA
ATCAGGCTCGCTTTATCTTAGAGAAAATAGATGGCAAAATAATCATTGAAAATA
AGCCTAAGAAAGAATTAATTAAAGTTCTGATTCAGAGGGGATATGATTCGGAT
CCTGTGAAGGCCTGGAAAGAAGCCCAGCAAAAGGTTCCAGATGAAGAAGAAA
ATGAAGAGAGTGACAACGAAAAGGAAACTGAAAAGAGTGACTCCGTAACAGAT
TCTGGACCAACCTTCAACTATCTTCTTGATATGCCCCTTTGGTATTTAACCAAG
GAAAAGAAAGATGAACTCTGCAGGCTAAGAAATGAAAAAGAACAAGAGCTGGA
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CACATTAAAAAGAAAGAGTCCATCAGATTTGTGGAAAGAAGACTTGGCTACAT
TTATTGAAGAATTGGAGGCTGTTGAAGCCAAGGAAAAACAAGATGAACAAGTC
GGACTTCCTGGGAAAGGGGGGAAGGCCAAGGGGAAAAAAACACAAATGGCT
GAAGTTTTGCCTTCTCCGCGTGGTCAAAGAGTCATTCCACGAATAACCATAGA
AATGAAAGCAGAGGCAGAAAAGAAAAATAAAAAGAAAATTAAGAATGAAAATA
CTGAAGGAAGCCCTCAAGAAGATGGTGTGGAACTAGAAGGCCTAAAACAAAG
ATTAGAAAAGAAACAGAAAAGAGAACCAGGTACAAAGACAAAGAAACAAACTA
CATTGGCATTTAAGCCAATCAAAAAAGGAAAGAAGAGAAATCCCTGGCCTGAT
TCAGAATCAGATAGGAGCAGTGACGAAAGTAATTTTGATGTCCCTCCACGAGA
AACAGAGCCACGGAGAGCAGCAACAAAAACAAAATTCACAATGGATTTGGATT
CAGATGAAGATTTCTCAGATTTTGATGAAAAAACTGATGATGAAGATTTTGTCC
CATCAGATGCTAGTCCACCTAAGACCAAAACTTCCCCAAAACTTAGTAACAAA
GAACTGAAACCACAGAAAAGTGTCGTGTCAGACCTTGAAGCTGATGATGTTAA
GGGCAGTGTACCACTGTCTTCAAGCCCTCCTGCTACACATTTCCCAGATGAAA
CTGAAATTACAAACCCAGTTCCTAAAAAGAATGTGACAGTGAAGAAGACAGCA
GCAAAAAGTCAGTCTTCCACCTCCACTACCGGTGCCAAAAAAAGGGCTGCCC
CAAAAGGAACTAAAAGGGATCCAGCTTTGAATTCTGGTGTCTCTCAAAAGCCT
GATCCTGCCAAAACCAAGAATCGCCGCAAAAGGAAGCCATCCACTTCTGATGA
TTCTGACTCTAATTTTGAGAAAATTGTTTCGAAAGCAGTCACAAGCAAGAAATC
CAAGGGGGAGAGTGATGACTTCCATATGGACTTTGACTCAGCTGTGGCTCCT
CGGGCAAAATCTGTACGGGCAAAGAAACCTATAAAGTACCTGGAAGAGTCAG
ATGAAGATGATCTGTTTTAAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGG
GGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTT
CAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCT
GAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTG
ACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGA
AGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCG
CACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAG
TTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCA
AGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCA
CAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCA
AGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACC
AGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACT
ACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCA
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CATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGAC
GAGCTGTACAAGTCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTGCAGT
CGACGGTAC
Red- Residues mutated to generate TopoIIa phosph-mutants: S29A (T-G), and
T1460A (A-G)
Blue- C-terminal region
Green- C-terminal GFP
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