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ABSTRACT

The Anaphase-Promoting Complex/Cyclosome (APC/C) is a multi-subunit E3 ubiquitin
ligase that targets key cell cycle regulators for 26S proteasome-mediated degradation during
mitosis and G1 phases of the cell cycle. APC/C activity is regulated through protein-protein
interactions and post-translational modifications (PTMs). The precise role of individual
APC/C subunits and their PTMs in the control of APC/C activity is not fully understood.
Here we show that APC5 knockdown by RNA interference promotes either mitotic arrest or
a delay in the ability of cells to progress through mitosis; a small but significant proportion
of cells that progress through mitosis also display defects in cytokinesis. We also show that
almost the entire cellular pool of the APC/C subunit, APCS5 is phosphorylated during mitosis
at S195 and that this phosphorylation event might play a crucial role in the control of APC/C
during mitosis. We determined that the phosphorylated APCS5 S195 species localized at
centrosomes from prophase to anaphase whereupon it re-localized to midbodies during the
late stages of mitosis and co-localized with known APC/C substrates. As such, our findings
provide new insights into how phosphorylation regulates APC5 and the APC/C during

mitosis and defines potential new roles for the APC/C in cytokinesis.
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CHAPTER 1: INTRODUCTION

1.1 The Anaphase-Promoting Complex/Cyclosome (APC/C): a master regulator of
cell cycle progression

The safeguarding of genome integrity during cellular growth and division is paramount for
the maintenance of physiological homeostasis in multicellular organisms. The Anaphase-
Promoting Complex/Cyclosome (APC/C), a multi-subunit protein complex that operates as
an E3 ubiquitin ligase, is considered a master regulator of these processes, as it dictates the
timing of chromosome segregation, controls the series of events underlying mitotic exit and
regulates replication licensing through the poly-ubiquitylation of several key cell cycle

regulators (Peters, 2006, Sivakumar and Gorbsky, 2015, Zhou et al., 2016, Pray et al., 2002).

Poly-ubiquitylation is a post-translational modification (PTM) generated by the Ubiquitin
Proteasome System (UPS), a cellular pathway that controls the covalent attachment of
multiple ubiquitin molecules to protein substrates, which ultimately targets these proteins
for proteolytic degradation by the 26S proteasome (King et al., 1995, Hershko, 1998, Pickart
and Eddins, 2004). The UPS regulates many diverse cellular processes, including the
unidirectional progression of cells through the cell cycle. It is defined by a three-step reaction
requiring an El-activating enzyme, an E2-conjugating enzyme and an E3-ubiquitin ligase.
In this reaction the ubiquitin molecule, a small 76 amino acid protein, is first activated by
the El-activating enzyme in an ATP-dependent manner. Following this step, the ubiquitin
is transferred to the E2-conjugating enzyme, to which it temporally associates before being
transferred to specific lysine (K) acceptor residues within the target substrate, in a reaction
catalysed by the E3-ubiquitin ligase. The mechanism of this last step truly depends on the

class of E3-ubiquitin ligase that catalyses the transfer. In fact, some E3-ubiquitin ligases,



such as the Homologous to the EGAP Carboxyl Terminus (HECT), associates directly with
ubiquitin and catalyses its direct transfer to the target substrates. In contrast, Really
Interesting New Gene (RING) E3-ubiquitin ligases, such as the APC/C, act as molecular
adaptors bringing together the E2-conjugating enzyme and the target substrate and
facilitating the transfer of ubiquitin from the E2 to the target proteins (Fig. 1.1) (Metzger et

al., 2012, King et al., 1995, Hershko, 1998, Pickart and Eddins, 2004).

‘ APC/C in the Ubiquitylation Pathway l
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.I Ubiquitin
E2 Ubiquitin Conjugating Enzyme G Substrate
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APC/C E3 Ubiquitin Ligase Polyubiquitylated
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Figure 1. 1: The APC/C and the Ubiquitin Proteasome System. Ubiquitin is first activated
by an El-activating enzyme and then transferred to an E2-conjugating enzyme. The E2
carrying the ubiquitin then contacts the APC/C bound to one of its activators, which
recognises the target protein and promotes ubiquitin transfer from the E2 to the substrate.
The reaction is repeated to construct K11 and K48 polyubiquitin chains on protein substrates
that act as a signal for substrate degradation through the 26S proteasome. By author.



Multiple cycles of ubiquitylation generates a poly-ubiquitylated substrate, with additional
ubiquitin moieties added during each cycle to one of the seven K residues present within
ubiquitin itself. K11 and K48 ubiquitin linkages typically target substrates for proteasomal
degradation. Indeed, the types of ubiquitin linkages and the topology of the poly-ubiquitin
chains attached to the target proteins determines the cellular fate of the protein. Thus,
ubiquitylation can affect several aspects of protein function, including their localization and

interaction with partner proteins, as well as their stability (Pickart and Eddins, 2004).

The APC/C is a cullin-based, E3-ubiquitin ligase and catalyses the formation of K11-linked
poly-ubiquitin chains on its substrates, which are recognized by the 26S Proteasome as
substrates for degradation. It has been suggested that the stability of more than 170 substrates
is regulated by the APC/C. Many of these substrates are targeted for degradation during
mitosis and G1, that guarantees the fidelity of chromosome segregation, and promotes an
orderly mitotic exit and progression through G1 phase by preventing the premature entrance
into the next stage of the cell cycle (Fig. 1.2) (Brown et al., 2016, Mocciaro and Rape, 2012,
Sivakumar and Gorbsky, 2015, van Zon and Wolthuis, 2010, Zhang et al., 2016, Watson et

al., 2018, Yamano, 2019, Komander and Rape, 2012).
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Figure 1. 2: Cell cycle progression through the ordered degradation of APC/C
substrates. The timing of mitotic degradation for a limited number of APC/C substrates is
shown for clarity. Adapted from Zhou et al. (2016)

In addition to its role in the regulation of cell cycle progression, several other roles for the
APC/C have been reported. As such, the APC/C is implicated in regulating: the DNA
damage response; transcription; translation; cellular metabolism; and post-mitotic functions

in neuronal cells, establishing the APC/C as a regulator of multiple cellular processes

(Sivakumar and Gorbsky, 2015, Zhou et al., 2016).

Given its central role in coordinating key stages of cell cycle progression APC/C activity is
tightly regulated and several mechanisms have evolved to fine-tune APC/C activity and
ensure the spatio-temporal events it controls occur at the correct time and location, and in
the appropriate order. Dysregulation of APC/C activity is associated with inherited disease
and cancer, making it not only an extremely fascinating object of study, but also a potential
target for the development of new therapeutic treatments (Zhou et al., 2016, Ajeawung et

al., 2019).

1.2 APC/C structure

The human APC/C holoenzyme is a 1.2 MDa complex composed of 14 distinct subunits,

four of which are present within the structure as homodimers (Table 1.1).



Subunit | Length (aa) | Stoichiometry Location
APCl1 1944 1 Platform domain
APC2 822 1 Catalytic domain (Cullin)
APC3 824 2 TPR lobe
APC4 808 1 Platform domain
APC5 755 1 Platform domain
APC6 620 2 TPR lobe
APC7 599 2 TPR lobe
APCS 597 2 TPR lobe
APCI10 185 1 Catalytic domain
(Degron recognition)
APCl11 84 1 Catalytic domain (RING)
APC12 85 2 TPR lobe
APCI13 74 1 TPR lobe
APC15 121 1 Platform domain
APC16 110 1 TPR lobe
Cdc20 499 1 activator
(Degron recognition)
Cdhl 496 1 activator
(Degron recognition)

Table 1. 1: APC/C subunits and stoichiometry in the APC/C holoenzyme. Adapted from
Alfieri et al. (2017)

Despite its composition of multiple subunits, to become catalytically active the APC/C
associates, in a cell-cycle dependent manner, with one of two activators, identified as Cell
division-cycle protein 20 (Cdc20) and Cdc20 homolog 1 (Cdhl), which also participate in
the target recognition process with the APC/C catalytic subunit, APC10 (Table 1.1)

(Sivakumar and Gorbsky, 2015, Kataria and Yamano, 2019, Alfieri et al., 2017).

The atomic structure of the APC/C has recently been elucidated by cryo-Electron
Microscopy (EM) at a resolution of 3.2A (Chang et al., 2015). It is organized into three main
functional zones: the catalytic domain, the Tetratricopeptide Repeat (TPR) lobe and the
platform domain, and is represented as a pyramid with a central cavity where the E2

conjugating enzymes — UbcH10 or UbE2S — the substrates and the activators, Cdc20 and



Cdhl, all associate to allow for the catalytic transfer of ubiquitin to the substrate (Fig. 1.3 A,
B and C) (Alfieri et al., 2017, Kataria and Yamano, 2019, Sivakumar and Gorbsky, 2015,

Yamano, 2019).
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Figure 1.3: APC/C Structure and organization. (A) APC/C structure — Protein Data Bank
(PDB) 4UI9 — with numbers showing APC/C individual subunits. (B) Schematic
representation of the APC/C holoenzyme. (C) Schematic representation of the APC/C
domains and their catalytic reaction in association with the activator (Cdhl), with the E2
conjugating enzymes (UBE2C and UBE2S) and with protein substrate. Taken from Yamano
(2019).

The catalytic core is located in close proximity to the central cavity of the APC/C and it is
composed of the Cullin subunit- APC2, the RING subunit- APC11, and the catalytic subunit,
APC10. Whilst APC2 and APC11 are directly responsible for the E3-ubiquitin ligase
catalytic activity of the APC/C, APC10 has a major role in the target recognition process

and participates with Cdc20 and Cdhl1 to create a target recognition receptor (Fig. 1.3, Table

1.1) (Alfieri et al., 2017, Watson et al., 2018).



The vast majority of the APC/C subunits lie within the TPR lobe which is comprised of
APC3, APC6, APC7, APC8, APC12, APC13 and APC16. Constituting the top and the back
of the APC/C pyramidal structure, this domain functions as a scaffold for extensive protein-
protein interactions, which are mediated by the TPR domain, which is shared by many of
the APC/C subunits in this region. As such, the TPR lobe is employed strategically by the
APC/C holoenzyme to interact with its substrates, as well as its activators, Cdc20 and Cdhl.
In this regard, the APC/C subunits within the TPR lobe region operate as a regulatory hub
for extensive PTMs that coordinate the conformational changes undertaken by the
holoenzyme during the cell cycle, that affects activator and substrate binding to the APC/C.
As such, the TPR lobe ultimately regulates APC/C E3-ubiquitin ligase activity. Additionally,
some subunits within the TPR lobe, including APC12, APC13 and APC16, which lack the
typical TPR protein-protein interaction motif, have been found to have an integral role in the
structural stabilization of the TPR lobe (Fig. 1.3, Table 1.1) (Kataria and Yamano, 2019,

Alfieri et al., 2017, Watson et al., 2018, Sivakumar and Gorbsky, 2015).

The platform domain, formed by the subunits APC1, APC4, APCS and APC15 occupies the
base of the APC/C structure, where it acts as a bridge to link together the TPR-lobe and the
catalytic domain, and is responsible for defining the overall structure of the APC/C (Fig. 1.3,
Table 1.1) (Vodermaier et al., 2003). In addition to its structural role, the platform domain
also acts a regulatory centre for the APC/C, such that the cell cycle-dependent PTMs on
individual APC/C subunits within this region, affect the overall structure of the APC/C
holoenzyme, and modulate its E3-ubiquitin ligase activity (Pines, 2011, Sivakumar and
Gorbsky, 2015, Zhou et al., 2016, Kataria and Yamano, 2019, Alfieri et al., 2017, Watson et

al., 2018, Yamano, 2019, Chang et al., 2014).



1.3 The APC/C E2 conjugating enzymes: UbcH10 and UBE2S

To poly-ubiquitylate its substrates, the APC/C makes use of two different E2-conjugating
enzymes: the “initiating enzyme”, UBE2C, also known as UbcH10, and the “elongating

enzyme”, UBE2S (Meyer and Rape, 2011, Garnett et al., 2009, Brown et al., 2016).

It has been postulated that UbcH10 is responsible for the initiation of poly-ubiquitin chain
formation on the substrate, which occurs through a direct association of its C-terminal region
with the RING-containing subunit, APC11, which also associates with the acceptor
substrate. Through this series of interactions the APC/C acts as an adaptor, bringing together
E2-conjugated ubiquitin, activator and protein substrate for the APC/C-dependent catalytic
transfer of the first ubiquitin molecule onto the target protein (Kataria and Yamano, 2019,
Brown et al., 2016, Sivakumar and Gorbsky, 2015). This catalytic reaction is coordinated by
a small amino acid cluster known as the TEK-box, which is shared by many of the APC/C
substrates and by ubiquitin itself. The TEK-box is recognised by the E2, which ultimately
nucleates the APC/C, substrate and activator both during the priming and the elongation of

the poly-ubiquitin chain (Meyer and Rape, 2011, Jin et al., 2008, Williamson et al., 2009).

Following the priming of the substrate, it has been suggested that the elongation of the poly-
ubiquitin chain occurs through the APC/C E2 conjugating enzyme, UBE2S. In contrast to
UbcH10, UBE2S does not bind to the RING subunit APC11, but associates instead with the
Cullin-containing subunit APC2, and catalyses the highly processive formation of K11
linkages exclusive to the APC/C, leading to the degradation of APC/C targets (Williamson

et al., 2009, Garnett et al., 2009).



1.4 Role of the APC/C activators, Cdc20 and Cdh1, in the regulation of mitotic

progression

To become active, the APC/C associates with one of two activators, Cdc20 and Cdhl, that
are responsible for stimulating the APC/C enzymatic activity by aiding the target-
recognition process and enhancing the APC/C binding affinity for the E2-conjugating
enzyme, UbcH10 (Sivakumar and Gorbsky, 2015, Kataria and Yamano, 2019, Van Voorhis

and Morgan, 2014, Kimata et al., 2008, Min et al., 2013, Meyer and Rape, 2011).

Cdc20 and Cdhl are closely related members of the same protein family, and share similar
overall structural architecture, characterized by the presence of two highly conserved
regions: the WD40 domain, and the IR-tail, both of which are located in the C-terminal
region of these proteins. The beta-propeller secondary structure adopted by the WD40
domain of Cdc20 and Cdhl creates a suitable interface for protein-protein interactions,
which, together with the APC/C catalytic subunit APC10, contributes to the creation of a
target-recognition motif used by both APC/C-Cdc20 and APC/C-Cdhl complexes to
associate with substrates. Moreover, the IR-tail located at the C-terminus of both Cdc20 and
Cdh1 anchors these proteins to the TPR lobe subunit, APC3, whilst a newly characterized
functional motif known as the C-box, present within the N-terminal region of Cdc20 and
Cdhl, is also used to facilitate activator association with the APC/C through interaction with
APCS8 (Kataria and Yamano, 2019, Zur and Brandeis, 2001, Alfieri et al., 2017, Watson et

al., 2018).

Cdc20 and Cdhl association with the APC/C is cell cycle-dependent and defines the
temporal regulation of APC/C E3-ubiquitin ligase activity. Indeed, it has been shown that

APC/C-Cdc20 complex formation occurs during the early stages of mitosis during nuclear



envelope breakdown (NEBD), making it responsible for the degradation of substrates that
ultimately leads to metaphase-to-anaphase transition, whilst the APC/C-Cdhl complex

regulates mitotic exit and progression through G1 (Fig. 1.4) (Sivakumar and Gorbsky, 2015).

APC/C-Cdc20 APC/C-Cdh1

Prophase Prometaphase Metaphase Anaphase Telophase G1
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Figure 1. 4: APC/C cell cycle-dependent association with the activators Cdc20 and
Cdhl. Figure shows the different stages in mitosis when Cdc20 and Cdhl associate with the
APC/C. Adapted from Sivakumar and Gorbsky (2015).

The temporal association of Cdc20 and Cdhl activators with the APC/C holoenzyme is
critical in controlling the timely and ordered degradation of APC/C substrates. Indeed,
although Cdc20 and Cdhl are highly similar they have differing specificities for the various
APC/C substrates, which is essential in ensuring an orderly progression through mitosis. It
is interesting to note that although the APC/C-Cdhl can recognize and degrade all of the
APC/C substrates targeted by Cdc20, APC/C-Cdc20 activity promotes the degradation of a
limited number of APC/C targets. This selectivity is crucial in promoting early mitotic
progression and preventing the premature degradation of proteins, such as Polo like kinase
1 (Plk1) and Aurora kinases that are required for cytokinesis (Zhao and Fang, 2005, Zhou et
al., 2016, Sivakumar and Gorbsky, 2015, Alfieri et al., 2017, Davey and Morgan, 2016,

Mocciaro and Rape, 2012, Kataria and Yamano, 2019, Visintin et al., 1997).
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The main role of the APC/C-Cdc20 complex is to promote metaphase-to-anaphase transition
by inducing the 26S proteasomal degradation of two key cellular proteins that regulate this
process: Securin and Cyclin B1 (Pines, 2011). Securin is a small protein responsible for
preventing premature separation of sister chromatids after DNA replication. In this regard,
Securin associates with the protease, Separase, impeding the cleavage of the Cohesin ring
that holds sister chromatids together, thus retarding chromosome segregation until they are
properly attached through kinetochores to the mitotic spindle and aligned on the metaphase
plate (Choi et al., 2009, Waizenegger et al., 2002). Once chromosomes are attached correctly
on the metaphase plate, APC/C-Cdc20 catalyses the degradation of Securin, which
consequently releases Separase, which cleaves Cohesin and allows for chromosome
segregation and hence, metaphase-to-anaphase transition (Hagting et al., 2002, Zur and
Brandeis, 2001). Remarkably, APC/C-Cdc20 activation during prometaphase is caused by
the rise in the levels of Cyclin B1 and by the consequent activation of the Cyclin-dependent
kinase 1 (Cdkl), which positively affects Cdc20 association with the APC/C holoenzyme,
allowing for critical conformational changes that promote the formation of an active APC/C-
Cdc20 complex (Kraft et al., 2003, Zhang et al., 2016, Peters, 2006, Primorac and
Musacchio, 2013). As well as degrading Securin, the APC/C-Cdc20 complex is responsible
for the degradation of Cyclin B1 and for the drastic drop in its levels prior to anaphase onset.
As such, the APC/C-Cdc20-dependent degradation of Cyclin B1 leads to Cdkl mitotic
kinase inactivation, and a negative regulatory feedback mechanism that leads to the
inactivation of APC/C-Cdc20 complexes as Cdc20 does not bind to the APC/C when it is
dephosphorylated (King et al., 1995, Peters, 2006, Clute and Pines, 1999, Gavet and Pines,

2010, Sivakumar and Gorbsky, 2015).
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Whilst the Cdk1-Cyclin B1-dependent phosphorylation of the APC/C has a positive effect
on the formation of active APC/C-Cdc20 complexes, phosphorylation of the activator Cdh1
impedes its association with the holoenzyme (Kataria and Yamano, 2019, Sivakumar and
Gorbsky, 2015, Pines, 2011, Alfieri et al., 2017, Primorac and Musacchio, 2013). Thus,
following Cdk1 inactivation during anaphase, unphosphorylated Cdhl can associate with
the APC/C and drive the degradation of a new spectrum of substrates, which allows for
mitotic exit and for the movement of cells into G1. As well as sustaining the degradation of
Cyclin B1 and Securin, active APC/C-Cdhl complexes induce the degradation of the mitotic
kinases Plk1, Aurora A and Aurora B, whose clearance is necessary to terminate mitosis.
APC/C-Cdhl also promotes the degradation of Cdc20 and UbcH10, allowing for the
complete inactivation of the APC/C and readying cells to enter a new cycle of replication
(Pines, 2011, Sivakumar and Gorbsky, 2015, Davey and Morgan, 2016). APC/C-Cdhl
enzymatic activity stays high during G1 and the degradation of substrates during this phase
prevent cells from entering S phase. As such, APC/C-Cdh1 promotes the degradation of the
S-phase kinase associated kinase 2 (Skp2), a component of the E3 ubiquitin ligase Skp-
Cullin-F box (SCF) complex, which is an important regulator of entry into S phase. By
reducing the levels of Skp2, APC/C-Cdhl participates in the inactivation of the SCF E3
ubiquitin ligase and allows for the accumulation of proteins required during G1 (Chang et
al., 2014, Penas et al., 2012, Bashir et al., 2004, Wei et al., 2004, Reed, 2008). APC/C-Cdh1
activity in G1 is also required for the maintenance of low levels of Cyclins, including Cyclin
A and Cyclin D1, whose accumulation is necessary to sustain S-phase entry(Chang et al.,
2014, Penas et al., 2012). Moreover, APC/C-Cdh1 also plays a role in the control of DNA
replication directly, as it targets Geminin, a protein required for pre-replication complex

formation, for degradation. Reduction in the levels of Geminin during G1 allows the
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formation of new replication origins that facilitate DNA replication during S-phase (Wirth

et al., 2004, Diffley, 2004, McGarry and Kirschner, 1998).

1.5 APC/C targets degradation recognition motifs (degrons) within protein

substrates

The orderly degradation of APC/C substrates is key towards maintaining genomic stability
and ploidy status during mitotic progression and mitotic exit. Simplistically, APC/C
substrates are defined by the presence of one, or more, degradation motifs, known as
degrons, within their primary sequence which facilitate substrate recruitment to the APC/C.
Characteristic  APC/C degrons are D-boxes (RXXLXXI/VXN), KEN boxes
(KENXXXN/D), and the more recently identified ABBA motif (FX[ILV][FHY]X[DE]) (He
et al., 2013, Glotzer et al., 1991, Pfleger and Kirschner, 2000, Lischetti et al., 2014, Lu et
al., 2014). These degrons, are in the most part, recognised specifically by the degron-
recognition receptor generated by the association of the Cdc20 and Cdhl WD40 domain
with the APC/C subunit, APC10 (Fig. 1.5) (Di Fiore et al., 2015, Buschhorn et al., 2011, da
Fonseca et al., 2011, Li et al., 2008, Davey and Morgan, 2016, Sivakumar and Gorbsky,

2015).
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Figure 1. 5: APC/C degradation motifs. (A) Structure of the Cdhl activator subunit WD40
domain (grey) bound to APC/C (green). The APC10 subunit (blue), the APC11 RING
subunit (red), and the positions of the motif-binding pockets (with degrons in orange) are
also shown. (B) The WD40 domain of Cdh1 with the three degron-binding pockets occupied
by the D box, KEN box and ABBA motif. (C) The D box-binding pocket. (D) The KEN
box-binding pocket. (E) The ABBA motif-binding pocket. Taken from Davey and Morgan
(2016).

Although the ability of Cdc20 and Cdhl to recognise APC/C substrates during the different
mitotic phases contributes towards the timing of substrate degradation, such that APC/C-
Cdc20 recognize D-box-containing substrates and, Cdhl is capable of recognizing both D-
boxes and KEN-boxes, other mechanisms also contribute to the establishment of a precise
substrate hierarchy (Komander and Rape, 2012, Sivakumar and Gorbsky, 2015, Pines, 2011,
Davey and Morgan, 2016). Indeed, the inherent structural characteristics of the substrates

can greatly contribute towards the timing of their degradation, by affecting both their binding
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affinity for the APC/C degron receptor and the processivity of the poly-ubiquitylation
reaction. For instance, some APC/C substrates possess multiple degrons within their primary
sequence, and this increases their binding affinity for the APC/C, which allows for more
efficient degradation (Davey and Morgan, 2016). Furthermore, amino acids proximal to D-
boxes and KEN-boxes can contribute towards the creation of extended degrons, which can
bind more avidly to the APC/C, which ultimately increases the rate of substrate degradation
(Davey and Morgan, 2016). The order of APC/C substrate degradation is also regulated by
PTMs that occur in proximity to degrons, and can positively or negatively influence APC/C-
dependent degradation. For instance, some substrates such as Aurora A and the NIMA-
related kinase Nek2A, are characterized by the presence of a S residue immediately before
the acceptor K residue of their KEN boxes, such that phosphorylation promotes substrate
binding to the APC/C (Min et al., 2013). Another example of phosphorylation-dependent
regulation is the Cdk1-Cyclin B1-dependent phosphorylation of Securin, which increases its
association with, and degradation by, the APC/C (Sivakumar and Gorbsky, 2015, Pines,
2011). In contrast, phosphorylation has a negative effect upon the ability of Skp2 and
Geminin to be recruited to the APC/C-Cdhl complex, which leads to stabilization of these
substrates and, ultimately, cellular progression from G1 to S-phase (Rodier et al., 2008,
Tsunematsu et al., 2013). Akin to phosphorylation, other PTMs can also contribute towards
the degradation hierarchy of APC/C substrates. For instance, acetylation of Budding
uninhibited by benzimidazole-related 1 (BubR1) proximal to its KEN box is responsible for
masking the activity of this degron motif of this protein, which prevents its degradation such
that it can contribute towards the Spindle Assembly Checkpoint (SAC)-mediated inhibition
of the APC/C (Diaz-Martinez et al., 2015, Sivakumar and Gorbsky, 2015, Lu et al., 2015).

Other mechanisms also contribute towards the timing of APC/C substrate degradation. For
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instance, differential localization of substrates can prevent their contact with the
holoenzyme, increasing therefore their stability within a particular cellular compartment
(Sivakumar and Gorbsky, 2015, Pines, 2011, Davey and Morgan, 2016). Moreover,
accessibility of the acceptor K residue within the substrate is critical in determining the
timing of poly-ubiquitylation, such that substrate association with a partner protein can

effectively hide the K acceptor site and prevent its ubiquitylation (Davey and Morgan, 2016).

The mechanisms outlined above all contribute towards “substrate competition” for binding
to the APC/C that defines the complex nature of APC/C-mediated degradation. In this
regard, it is recognised that high affinity substrates have a highly processive behaviour
during the ubiquitylation reaction and are subjected to a more efficient poly-ubiquitylation,
with more than one ubiquitin molecule added to a poly-ubiquitin chain during each step of
contact with the APC/C. In contrast, substrates with a lower affinity for the APC/C are poly-
ubiquitylated at a lower rate, as they might require multiple association/dissociation steps
before receiving the appropriate number of ubiquitin molecules necessary for their targeted
degradation by the 26S proteasome. The complexity of APC/C regulation and substrate
recruitment all contribute towards an orderly progression through mitosis, the retention of
chromosomal fidelity and ploidy status, cytokinesis, mitotic exit and progression in to and

through the successive G1 phase (Davey and Morgan, 2016).

1.6 APC/C regulation

Given its defining role in the regulation of mitosis APC/C activity is tightly regulated (Lara-
Gonzalez et al., 2012, Zhou et al., 2016). Whilst APC/C activation depends upon its
interaction with the activators Cdc20 and Cdhl1, other mechanisms exist to restrain APC/C

activity during the cell cycle. For instance, from NEBD until anaphase onset APC/C-Cdc20
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activity is inhibited by the Spindle Assembly Checkpoint (SAC), a surveillance mechanism
aimed at preventing metaphase-to-anaphase transition until all chromosomes are associated
with the mitotic spindle (Lara-Gonzalez et al., 2012, Alfieri et al., 2016, Musacchio, 2015,
Musacchio and Salmon, 2007). Similarly, at the end of GI APC/C-Cdhl needs to be
inactivated to allow cells to enter S-phase and begin a new cycle of replication and division;
Early mitotic inhibitor 1 (Emil) association with APC/C-Cdhl1 inhibits APC/C activity in
these circumstances (Reimann et al., 2001, Cappell et al., 2018, Frye et al., 2013).
Additionally, transient interactions with other cellular proteins serve to modulate APC/C
activity during the different phases of the cell cycle and contribute to the fine-tuning of
APC/C activity during the various mitotic phases (Townsend et al., 2009, Sedgwick et al.,
2013, Turnell et al., 2005, Kucharski et al., 2017). Furthermore, PTM of individual APC/C
subunits is critical in regulating APC/C conformation and activation status (Kraft et al.,

2003, Kataria and Yamano, 2019, Alfieri et al., 2017).

1.6.1 The SAC

The SAC is regulated principally by the Mitotic Checkpoint Complex (MCC), a trimeric
complex comprising Mitotic arrest deficient 2 (Mad2), BubR1 and Budding uninhibited by
benzimidazole-3 (Bub3). The MCC complex binds to, and sequesters ‘free’ Cdc20, thus
impeding the Cdc20-dependent recruitment of substrates to the APC/C, and furthermore,
limiting APC/C E3 activity. An active SAC ensures that the levels of APC/C substrates
Securin and Cyclin B1 remain high and consequently, that metaphase-to-anaphase transition

is inhibited (Diaz-Martinez et al., 2015, Fang, 2002, Lara-Gonzalez et al., 2012).

At the beginning of mitosis the kinase, Monopolar spindle 1 (Mpsl) is recruited to

unattached kinetochores where it initiates a phosphorylation cascade, that results in the
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phosphorylation of the Mitotic checkpoint deficient protein 1 (Madl) (Pachis et al., 2019,
Musacchio and Salmon, 2007, Musacchio, 2015, Lara-Gonzalez et al., 2012).
Phosphorylated Madl then associates with Mad2 causing a conformational change and
switch from an open conformation (0-Mad2), incapable of binding Cdc20, to a closed
conformation (c-Mad2), that can bind Cdc20. The heterodimer, c-Mad2-Cdc20 facilitates
the recruitment of BubR1 and Mad3 to Cdc20 to form an active MCC. The MCC complex
can also associate directly with APC/C-Cdc20 active complexes to further strengthen the
SAC-dependent inhibition of the APC/C. Structural analyses by the Barford group, have
revealed that the substrate recognition receptor normally created by APC10 and Cdc20 is
obstructed upon MCC binding to APC/C-Cdc20 complexes (Fig. 1.6 A) (Alfieri et al., 2016).
In this regard, BubR1 acts as a pseudo-substrate, and occupies the APC/C catalytic pocket,
disrupting the target recognition site and preventing UbcH10 binding (Fig. 1.6 B) (Alfieri et

al., 2016, Kulukian et al., 2009, De Antoni et al., 2005, Fang, 2002, Sudakin et al., 2001).

Upon SAC satisfaction, Mpsl1 is inactivated and Cdc20 released from the MCC, which
allows for the formation of active APC/C-Cdc20 complexes (Pachis et al., 2019).
Dissociation of the MCC from the APC/C also contributes towards silencing of the SAC;
auto-ubiquitylation of Cdc20 associated with the MCC promotes MCC dissociation from the
APC/C (Reddy et al., 2007, Uzunova et al., 2012, Foster and Morgan, 2012, Mansfeld et al.,
2011). Cryo-EM analyses have revealed that structural rearrangements in APC15 regulates
MCC association with, and MCC dissociation from, the APC/C. During an active SAC
APC15 conformational changes facilitate MCC association with the APC/C and inhibit
UbcH10 association. When the SAC is satisfied MCC dissociation from the APC/C allows

for the re-organization of APC15, which leads to the restoration of the UbcH10 binding site
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on the APC/C and to the APC/C-dependent poly-ubiquitylation of Cdc20 associated with

the MCC (Fig. 1.6 C) (Alfieri et al., 2016).
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Figure 1. 6: SAC-dependent inhibition of the APC/C mediated by MCC association. (A)
Active APC/C in complex with Cdc20, UbcH10 and substrate. (B) Inhibited APC/C in
complex in association with the MCC. (C) APC/C is re-activated after SAC satisfaction.
Taken from Alfieri et al. (2016).

Intriguingly, some substrates, including Nek2A and Cyclin A, are able to overcome the
SAC-dependent inhibition of the APC/C and are degraded early in mitosis in an APC/C-
dependent, SAC-insensitive, manner. The mitotic kinase, Nek2A, which plays a central role
in the process of centrosome separation and the formation of the mitotic spindle is degraded
at the beginning of mitosis. As such, Nek2A utilises a C-terminal MR motif, similar to the
IR-tail used by Cdc20 and Cdhl and competes, during an active SAC, with the MCC to
associate with the APC/C, thus triggering its degradation (Faragher and Fry, 2003, van Zon
and Wolthuis, 2010). Similarly, the SAC-insensitive substrate Cyclin A is degraded during
prometaphase through its ability to compete effectively with BubR1 and associate directly
with the APC/C through interaction with the WD40 domain of Cdc20 (Di Fiore and Pines,

2010, Yam et al., 2002, van Zon and Wolthuis, 2010). Another example of SAC-insensitive
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substrate is represented by the more recently identified tumour suppressor p53-binding
protein 1 (53BP1), which by means of its KEN box and of a BRC1 C-terminal (tBRCT)
domain can contact Cdc20 directly and drive its own degradation in the presence of an active

SAC (Kucharski et al., 2017).

Overall, these mechanisms contribute to the fine tuning of APC/C activity and prevent its
premature activation, contributing to the maintenance of genome stability (Lara-Gonzalez et

al., 2012, Pines, 2011).

1.6.2 EMI1

Akin to the SAC-dependent inhibition of APC/C-Cdc20, the inhibition of APC/C-Cdhl by
Emil in G1 phase allows for cells to commit to another cycle of replication and division
(Cappell et al., 2016). Emil acts as a pseudo-substrate inhibitor of APC/C-Cdhl activity
(Frye et al., 2013, Davey and Morgan, 2016, Yamano, 2019, Watson et al., 2018). Emil
possesses a C-terminal D-box that associates with Cdh1l and APC10 to block the substrate
recognition receptor whilst its zinc-binding region (ZBR) inhibits UbcH10 association with
APCI11 and inhibits the UbcH10-dependent priming of ubiquitin chains on substrates. The
C-terminal LRRL-tail of Emil occupies the UBE2S binding site on the catalytic subunit
APC2 and inhibits UBE2S elongation (Chang et al., 2015, Cappell et al., 2018, Frye et al.,
2013, He et al., 2013, Watson et al., 2018). Interestingly, the stability of Emil is regulated
by an SCF E3 ubiquitin ligase, whose activity during G2 contributes to a reduction in Emil

levels and the reactivation of the APC/C (Margottin-Goguet et al., 2003).

1.6.3 Other APC/C regulators

Mass spectrometric studies from our laboratory and others have identified numerous APC/C

substrates and APC/C-interacting partners that regulate APC/C activity through the
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integration of signals from other cellular pathways to ultimately regulate cell division. For
instance, Mediator of DNA Damage Checkpoint protein 1 (MDC1), a scaffold protein
integral to the DNA damage response pathway, acts as a positive regulator of the APC/C in
mitosis through its ability to bind to the APC/C and promote Cdc20 association with the
APC/C (Townsend et al, 2009). The tumour suppressor protein, Transcriptional
Intermediary Factor 1 gamma (TIFly), interacts with the APC/C through APC7 and
stimulates the activity of the APC/C-Cdc20 complex (Sedgwick et al., 2013), whilst CBP
and p300 transcriptional co-activators interact with APC5 and APC7 to stimulate APC/C
holoenzyme activity directly and promote the progression of cells through mitosis and G1
(Turnell et al., 2005). Consistent with the role of these proteins to regulate APC/C activity,
siRNA-mediated knockdown of these positive regulators causes mitotic arrest (Townsend et
al., 2009, Sedgwick et al., 2013, Turnell et al., 2005). APC/C activity can also be regulated
negatively by its transient interaction with cellular proteins. For instance, 53BP1, a SAC-
insensitive APC/C substrate, can also inhibit APC/C activity in response to mitotic stress
caused by mitotic poisons, coupling the process of mitotic progression to the stress response

pathway (Kucharski et al., 2017).

1.6.4 PTMs in the control of APC/C activity

PTMs on APC/C subunits are critical modulators of APC/C function, having extraordinary
effects on APC/C structure, activity and interactome (Davey and Morgan, 2016, Sivakumar
and Gorbsky, 2015). Phosphorylation of APC/C subunits is a critical PTM in the regulation
of the APC/C, as it is responsible for the conformational changes required for Cdc20
association with the APC/C and, moreover, accelerates the rate and efficiency of the
ubiquitylation reaction (Kraft et al., 2003, Qiao et al., 2016, Zhang et al., 2016, Golan et al.,

2002, Fujimitsu et al., 2016). The majority of the APC/C phosphorylation events occur on
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TPR domains, particularly on APC3 whose hyper-phosphorylation is considered a hallmark
for APC/C activation in mitosis (Kraft et al., 2003, Pines, 2011). Remarkably, a total of 150
phosphorylation sites have been identified by mass spectrometry screening on APC/C
subunits, 70 of which have been shown to occur specifically during mitosis on APC1, APC2,
APC3, APC4, APCS, APC6, APC7, APCS8, APC10 and APC12 (Kraft et al., 2003, Herzog
et al., 2005, Hegemann et al., 2011, Steen et al., 2008, Zhang et al., 2016). The functional
relevance of many of these phosphorylation sites have yet to be identified, mostly because
they occur within unstructured ‘loop’ regions that are not visible in the cryo-EM structures,
making it difficult to model and predict the effect of these phosphorylation events on APC/C
structure and interactions with activators and regulators. Moreover, many of these
phosphorylation events might act synergistically, and cooperate to trigger conformational
changes that affect APC/C activity, such that single, site-directed mutagenesis approaches

might not be appropriate to study function (Qiao et al., 2016).

To account for such complexities a study conducted in the Peter’s laboratory, mutated
simultaneously, 68 of the mitotic phosphorylation sites found on different APC/C subunits,
to create a phospho-inhibited APC/C-pA complex and a phospho-mimetic APC/C-pE
complex, which gave rise to APC/C species where all the selected phosphorylation sites
were either inhibited, or, constitutively phosphorylated. By studying the behaviour of these
reconstituted APC/C mutants, they were able to demonstrate that association of Cdc20 with
the APC/C is dependent upon its phosphorylation status, as the phospho-inhibited APC/C-
pA complex failed to associate with Cdc20, whilst its binding to Cdh1 was not compromised
(Qiao et al., 2016). This study also demonstrated that mimicking the mitotic phosphorylation
status of APC1, was sufficient to trigger Cdc20 association and activation of the APC/C,

although they did not exclude that other phosphorylation events on the APC/C platform
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domain could also positively contribute to Cdc20 association (Qiao et al., 2016). These data
were confirmed by the Barford group, who conducted Cryo-EM analyses and showed that
phosphorylation of an auto-inhibitory (AI) segment within the N-terminal loop of APCl1
allows for Cdc20 binding to APC8 (Zhang et al., 2016). A similar study conducted by the
Yamano lab was able to elucidate the mechanism that regulates APC1 mitotic
phosphorylation (Fujimitsu et al., 2016). Using reconstructed APC/C complexes in Xenopus
extracts their study showed the existence of extensive phosphorylation-dependent cross-talk
between APC/C subunits. In this regard, they reported that Cdk1-dependent phosphorylation
of APC3, which occurs within an unstructured, regulatory loop domain, is responsible for
the subsequent Cdkl-dependent phosphorylation of the APCI1 regulatory loop, which
ultimately causes the dislocation of the Al helix of APC1 from APCS, and allows Cdc20

binding to APCS8 (Fig. 1.7) (Fujimitsu et al., 2016).

Taken together these studies determined that phosphorylation promotes extensive
conformational changes within the APC/C during mitosis, highlighting the importance of

these PTM events on the fine-tuning of the APC/C function.
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Figure 1. 7: Proposed mechanism for APC/C activation through mitotic
phosphorylation during mitosis. See text for details. Taken from Fujimitsu et al. (2016).

Other PTMs have also been shown to be critical in controlling APC/C activity. Key amongst
these is SUMOylation; APC4 SUMOylation at residues 772 and 798 serve to recruit the
APC/C substrate, Kinesin-like protein KIF18B to the APC/C, strengthening the concept that
transient alterations in the PTM status of APC/C individual subunits can impact the ability
of the APC/C to recognize its target (Eifler et al., 2018). Mass spectrometric screening has
revealed that APC1, APC4 and APCS8 are methylated, whilst APC3, APC7, APC8, APC10
and APCI12 are acetylated (Cuijpers and Vertegaal, 2018, Lundby et al., 2012). Although the
functional relevance of these PTMs have yet to be characterized, it is likely that they affect
APC/C structure and its ability to recruit substrates for degradation. As key role for
acetylation in the regulation of APC/C has been determined. CBP/p300 acetyltransferases
interact with the APC/C and promote mitotic progression, although a specific acetylation
site was not determined during that study (Turnell et al., 2005). As yet, unpublished studies

revealed that APC3, was the major target for CBP/p300-dependent acetylation (P. E.
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Minshall, PhD thesis, The University of Birmingham, 2015) and the consequence of this

PTM on APC/C activity is currently being studied in our laboratory.

The PTM studies detailed herein have revealed the critical role played by individual APC/C

subunits in the regulation of APC/C structure and E3 ubiquitin ligase activity.

1.7 APC/C dysregulation in cancer

Given its pivotal role as a master regulator of the cell cycle, dysregulation of APC/C activity,
through modulation of its regulatory pathways, are often associated with the loss of genome
integrity and tumourigenesis (Penas et al., 2012, Kataria and Yamano, 2019, Zhou et al.,
2016). Multiple mutations in many APC/C subunits have been identified in different cancer
types, but their functional significance has yet to be established (Wang et al., 2003, Pray et
al., 2002). For instance, heterozygous, somatic mutations in TPR APC/C subunits APC3,
APC6 and APCS8 have been identified in human colon cancer, and is accompanied by
increases in APC/C substrates such as Cyclin B1 (Wang et al., 2003). Other reports indicate
that APC3 is overexpressed in gastric and colorectal cancers, and its dysregulation has been
proposed to contribute towards enhanced cellular proliferation, invasion and metastasis (Xin
et al., 2018, Qiu et al., 2017, Qiu et al., 2016). Microarray analysis of multiple cancer cell
lines has determined that APC2 and APC7 are overexpressed in cell lines derived from
ovarian, breast, lung, bladder and oral cancers, though the biological significance of these
findings has yet to be determined (Rahimi et al., 2015). In contrast, another study identified
APC7 as being under-expressed in fibroadenomas and breast tumours, where it purportedly
contributes to cellular transformation by increasing chromosomal instability (Kang et al.,
2009). The potential impact of APC/C subunit alterations in cancer have also been

characterized by functional genomic screening of colon, head and neck, lung, bladder and
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breast cancers (Sansregret et al., 2017). In this regard, 132 missense mutations in the APC/C
subunits APC1, APC3, APC4, APC5, APC6, APC8 and APC10 were evaluated with
predictive software to calculate the potential effect of these mutations on APC/C structure
and function. Intriguingly, the results of this study revealed a positive correlation between
mutations in APC/C subunits, potential structural aberrations and the cancer phenotype
(Sansregret et al., 2017). Although it is difficult to ascribe particular APC/C mutations to
cancer initiation, or cancer maintenance, modelling the effect of APC/C mutations on APC/C
holoenzyme structure and function could be important in this regard. Indeed, it is highly
likely that APC/C mutations will be important in tumourigenesis, as the APC/C activator,
Cdc20, and the APC/C E2-conjugating enzyme, UbcH10, are both well characterized
oncogene products, and are overexpressed in a number of human cancers and are often used

as prognostic markers (Wu et al., 2013, Wu et al., 2019, Van Ree et al., 2010).

The oncogenic properties of Cdc20 are associated with its ability to overcome the SAC by
inducing the hyperactivation of the APC/C, which promotes chromosome missegregation
and aneuploidy (Lehman et al., 2007, Kataria and Yamano, 2019, Musacchio and Salmon,
2007). As such, Cdc20 is overexpressed in colorectal cancer, non-small cell lung cancer
(NSCLC), lung adenocarcinomas, gastric cancer, osteosarcoma and pancreatic ductal
adenocarcinomas (Wu et al., 2013, Kato et al., 2012, Singhal et al., 2003, Kim et al., 2005,
Wuetal., 2019, Dong et al., 2019). A meta-analysis aimed at evaluating the impact of Cdc20
overexpression in solid tumours confirmed that high expression levels of Cdc20, correlated
positively with poor prognosis, and identified Cdc20 as a potential therapeutic target (Wang
et al., 2018). Indeed, APC/C-Cdc20 complexes are targeted indirectly by the
chemotherapeutic agents Paclitaxel (Taxol) and Vinka alkaloids, which stabilise

microtubules and activate the SAC, which leads to a prolonged mitotic arrest and apoptosis
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(Jordan and Wilson, 2004, Kataria and Yamano, 2019, Wang et al., 2000b). Unfortunately,
however, APC/C-Cdc20 active complexes that exist even in the presence of an activated
SAC can induce mitotic slippage by promoting the sustained degradation of Cyclin B1 (Brito
and Rieder, 2006). As such, being able to target the APC/C-Cdc20 complexes more directly
might represent a great advantage for cancer treatment. APC/C inhibitors Tosyl -1-Arginine
Methyl Ester (TAME) and Apcin target APC/C-Cdc20 directly, through their ability to block
Cdc20 C-box and IR-tail to bind APC8 and APC3, respectively, and associating directly
with Cdc20’s degron recognition receptor; TAME and Apcin inactivate completely APC/C-
Cdc20 complexes and promote apoptosis (Zhang et al., 2016, Sackton et al., 2014, Brito and

Rieder, 2006, Kataria and Yamano, 2019).

Akin to Cdc20, UbcH10 is overexpressed in multiple cancer types, and is similarly
associated with poor prognostic outcome; UbcH10 is thus considered a therapeutic target as
well as biomarker for multiple cancers (Van Ree et al., 2010, Summers et al., 2008, Xie et
al., 2014). Gene expression profiling of various tumours, including glioblastoma, lung,
ovary, breast and bladder tissue have shown that UbcH10 overexpression is often due to
duplication of its gene locus, revealing a causal relationship between UbcH10
overexpression and tumourigenesis (Wagner et al., 2004). Moreover, studies conducted in
mice, aimed at evaluating the correlation between UbcH10 overexpression levels with the
cancer phenotype, clearly established that overexpression of UbcH10 correlated positively
to increase in chromosomal instability and aneuploidy. As such, UbcH10 overexpression
induced APC/C hyperactivation and the premature degradation of Cyclin B1, leading to the
development numerous spontaneous tumours, including lung adenomas, hepatic adenomas,
lymphomas, skin tumours and adenocarcinomas (Van Ree et al., 2010) Interestingly,

UbcH10 overexpression in cancer is often associated with Cdc20 overexpression. Although

27



the exact correlation between overexpression of these APC/C-related oncogenes has not
been clarified, one study reported that Cdc20 stimulates UcbH10 overexpression
transcriptionally through its association with the CBP/p300 acetyltransferase transcriptional

co-activators (Nath et al., 2011).

As the SAC inhibits APC/C-Cdc20 it is not surprising that the SAC functions as a tumour
suppressor; SAC components are often inactivated in cancer (Kops et al., 2005). In this
regard, studies in mice have indicated that homozygous mutations in Cdc20 that inhibit its
association with Mad2 are lethal, whilst mice which are heterozygous for the same Cdc20
mutation are viable but showed a marked susceptibility to spontaneous tumours (Li et al.,
2009). Mutations in SAC components, Budding uninhibited by benzimidazole-1 (Bubl) and
BubR1 have been observed in colon cancers and are characterized by extensive
chromosomal instability and aneuploidy, whilst Mad2, Bub1 and Bub3 mutations have been
found in breast, gastrointestinal and colorectal cancers (Cahill et al., 1998, Rio Frio et al.,

2010, Mur et al., 2018, Wang et al., 2015).

In contrast to Cdc20 and UbcH10, Cdh1 possesses tumour suppressor properties. Although
Cdhl knockout mice die during the early stages of embryo development, the deletion of one
copy of the Cdhl gene promotes tumour formation at the later stages of life (Garcia-Higuera
et al., 2008, Li et al., 2008, Kataria and Yamano, 2019). In contrast, stable expression of the
Cdhl murine homologue in B-lymphoma cell lines inhibits tumour growth (Wang et al.,
2000a). It has been suggested that the tumour suppressor properties of Cdhl are due to its
ability to maintain low levels of various APC/C substrates, including Skp2, Aurora A, Plk1
and Cyclins in G1, as all of these proteins have oncogenic properties (Lehman et al., 2007,

Engelbert et al., 2008, Zhou et al., 2016). Consistent with this idea, the oncogenic
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overexpression of Skp2 in breast cancer correlated positively with a reduction in the levels
of Cdhl (Fujita et al., 2008). Similarly, overexpression of the APC/C-Cdh1 substrate, Aurora
A in pancreatic cancer cell lines was found to be due to augmented stability of the protein
that contributed to the chromosomal instability and aneuploidy of these cell lines (Li et al.,
2003). Moreover, overexpression of the APC/C-Cdhl inhibitor, Emil has been postulated
to promote tumourigenesis through its ability to inhibit the degradation of APC/C-Cdhl
oncogenic substrates (Lehman et al., 2007, Pray et al., 2002). APC/C-Cdhl1 is also involved
in the DNA damage response in G2; reduction in Cdhl levels can affect the cell’s ability to
repair DNA leading to replication errors that contribute towards increased genome instability

(Penas et al., 2012, Bassermann et al., 2008).

Together, these studies highlight the pivotal role of the APC/C in the maintenance of cellular
homeostasis and emphasize that the dysregulation of APC/C activity can promote
tumourigenesis; an understanding of APC/C function is therefore important in the rational

design of new cancer therapies.

1.8 Mitotic kinases and their crosstalk in the control of mitotic progression

Given the central role of the APC/C in regulating mitosis it is not surprising that the mitotic
kinases, which control the cytological changes that occur during mitosis, namely NEBD,
DNA compaction, cytoskeletal re-organization, chromosome segregation and cytokinesis,
are also APC/C substrates (Kataria and Yamano, 2019, Carmena et al., 2009, Malumbres
and Barbacid, 2007, Taylor and Peters, 2008, Archambault et al., 2015, Qian et al., 2015).
Cdk1, Plk1 and Aurora B kinases, amongst others, are responsible for the phosphorylation
of multiple cellular proteins, including APC/C subunits, and control almost all aspects of

cell cycle progression from G2 through mitosis to G1 (Kataria and Yamano, 2019, Carmena
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et al., 2009, Malumbres and Barbacid, 2007, Taylor and Peters, 2008, Golan et al., 2002).
Intriguingly, although Cdkl1, Plkl and Aurora B have discrete roles in mitosis, they also
modulate each other’s activities, either directly or indirectly, and work together to regulate
mitosis (Cuijpers and Vertegaal, 2018). For instance, both Cdkl and Plkl phosphorylate
APC/C on multiple subunits to allow for full activation of the APC/C E3 ubiquitin ligase
activity during mitosis (Golan et al., 2002, Kraft et al., 2003, Fujimitsu et al., 2016,
Petronczki et al., 2008). Moreover, Cdk1 can, through targeted phosphorylation, modulate
both the activity and localization of both Plk1 and Aurora B kinases during mitosis (Ma and
Poon, 2011). Mitotic kinases are essential components of the machinery that controls mitotic
progression and understanding their function help shed light on their role in regulating

APC/C activity and function during mitosis.

1.8.1 Cdk1-Cyclin B1

Cdkl is a proline-directed serine-threonine mitotic kinase highly conserved during
evolution, first discovered in yeast by Hartwell in a genetic screen aimed at the identification
of the principal regulators of cell cycle progression (Hartwell et al., 1973). Cdkl is
responsible for the phosphorylation of numerous mitotic substrates on the conserved
consensuses S/T-P-X-K/R (where X corresponds to any amino acid) or S/T-P, and drives the
initial stages of mitosis including NEBD, chromosome condensation and the formation of
the mitotic spindle, as well as controlling Cdc20 association with the APC/C (Fig. 1.8)
(Enserink and Kolodner, 2010, Qian et al., 2015, Fujimitsu et al., 2016, Malumbres and

Barbacid, 2005, Holt et al., 2009).
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Figure 1. 8: Role of Cdk1 and its regulation during mitotic progression. (G2) During G2
Cdk1-Cyclin B1 activity is inhibited by the checkpoint kinases Weel and Myt2. Plkl-
dependent phosphorylation in G2 activates Cdc25 phosphatase, which reactivates Cdk1-
Cyclin B1. (M) Active Cdk1-Cyclin B1 triggers multiple events during the early stages of
mitosis. (M-G1) APC/C-dependent degradation of Cyclin B1 inactivates Cdkl ensuring
mitotic exit and passage into G1. See text for further details. Taken from Nigg (2001).

Cdk1-Cyclin B1 complexes are active from the beginning of mitosis until anaphase onset
whence APC/C-dependent degradation of Cyclin B1 inhibits its activity to allow for mitotic
exit (Clute and Pines, 1999, Enserink and Kolodner, 2010, Ma and Poon, 2011). Activation
of Cdk1-Cyclin B1 is achieved through a complex regulatory network: checkpoint kinases
Weel and Myt2 phosphorylate, and inhibit, Cdk1 activity during G2 to prevent cells from
entering into mitosis prematurely (Ma and Poon, 2011, Kataria and Yamano, 2019). Once
the G2 DNA damage checkpoint is satisfied, Cdk1-Cyclin B1 complexes translocate from
the cytoplasm to the nucleus where Plkl phosphorylates, and activates the protein

phosphatase Cdc25C, so that it can remove the inhibitory phosphorylation signals on Cdk1,
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generated by Weel and Myt2. The Cdk1-activating kinase is then responsible for activating
Cdk1 through phosphorylation (Ma and Poon, 2011, Boutros et al., 2006, Lindqvist et al.,
2005, Mailand et al., 2002, Takizawa and Morgan, 2000, Van Vugt et al., 2004, Barr et al.,

2004).

Active Cdk1-Cyclin B1 complexes trigger the series of events necessary for the disassembly
of the nuclear envelope, for instance, through phosphorylation of the nuclear laminins. Cdk1
activity also contributes to cellular rounding, Golgi fragmentation and DNA condensation,
which is achieved through the phosphorylation of the Condensin II complex (Abe et al.,
2011, Gavet and Pines, 2010, Nigg, 2001, Litvak et al., 2004). Following its activation,
Cdk1-Cyclin Bl complexes accumulate at centrosomes, through Plkl-directed
phosphorylation of Cyclin B1; Cdk1-Cyclin B1 participate in spindle formation through the
targeted phosphorylation of several proteins, including -tubulin, which is necessary for the
dynamic re-organization of the cytoskeleton (Jackman et al., 2003, Takizawa and Morgan,
2000, Fourest-Lieuvin et al., 2006). Cdk1-Cyclin B1 also localize at kinetochores, where it
regulates the attachment of chromosomes to the metaphase plate, as Cdkl-Cyclin Bl

depletion at kinetochores has a negative effect on this process (Chen et al., 2008).

1.8.2 PIk1

Initially identified in Drosophila, P1k1 is an evolutionary conserved serine-threonine kinase
involved in the regulation of multiple mitotic processes, including Cdk1-Cyclin B1 and
APC/C activation, centrosome maturation, spindle assembly, kinetochore-microtubule
attachment, central spindle organization and cytokinesis (Fig. 1.9) (Sunkel and Glover, 1988,

Petronczki et al., 2008, Barr et al., 2004).
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Plk1 is activated in G2 by Aurora A and Bora-mediated phosphorylation of Plk1 residue,
T210 in its N-terminal Kinase Domain (KD) (Macurek et al., 2008). Plk1 substrates are
characterized by the presence of a common consensus D/E-X-S/T-®-X-D/E (®-
hydrophobic amino acid) (Nakajima et al., 2003). The ability of Plkl to phosphorylate its
substrates depends upon a Polo-box Domain (PBD) present within its C-terminal domain,
which functions as a phospho-peptide binding motif (Taylor and Peters, 2008, Jang et al.,
2002). As such, Plk1 substrates are primed for Plk1-directed phosphorylation through prior
phosphorylation, typically by Cdk1-Cyclin B1, which serves to recruit Plk1 to its substrate
(Cuijpers and Vertegaal, 2018, Elia et al., 2003a, Elia et al., 2003b, Neef et al., 2003, Neef
et al., 2007, Jang et al., 2002). In this regard Cdk1-Cyclin B1 also has the ability to restrain
Plk1 from phosphorylating some substrates until later in mitosis (Elia et al., 2003a, Elia et

al., 2003b, Neef et al., 2003, Neef et al., 2007, Jang et al., 2002).
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Figure 1. 9: Role of PIk1 during mitotic progression. Plkl accumulates at during early
mitosis and contributes to Cdk1 activation during Prophase. During Prometaphase and
Metaphase Plk1 accumulates at centrosomes where it participates in Spindle Assembly.
Following metaphase-to-anaphase transition it participates in APC/C regulation. From
Anaphase onwards Plk1 moves in the midzone, where it participates to the regulation of the
early stages of Cytokinesis. Taken from Barr et al. (2004).
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At the beginning of mitosis Plk1 accumulates at the centrosomes, where it contributes to the
formation of the mitotic spindle through phosphorylation of y-tubulin (Casenghi et al., 2003,
Casenghi et al.,, 2005); Plkl also activates Cdkl during this time and promotes its
localization to centrosomes during prometaphase (Jackman et al., 2003). Moreover, Plkl1 is
also critical for the centrosomal localization of the APC/C during the initial stages of mitosis,
and its activation, as it co-operates with Cdk1-Cyclin B1 to promote Cdc20 recruitment to
the APC/C (Kraft et al., 2003, Golan et al., 2002). In this regard Plk1 also phosphorylates
the APC/C inhibitor Emil, allowing for its SCF-dependent poly-ubiquitylation and 26S
proteasomal degradation, which is necessary for APC/C re-activation in G2 (Hansen et al.,

2004, Moshe et al., 2004).

During early mitosis, Plk1 is found enriched at the kinetochores, where it is recruited through
interaction of its PBD with multiple substrates primed by phosphorylation, such as Bub1 and
the Chromosome Passenger Complex (CPC) component, Inner Centromeric Protein
(INCENP) (Qi et al., 2006, Goto et al., 2006). Interestingly, Plk1 recruitment to kinetochores
also relies upon its ability to create its own docking sites and self-regulate its recruitment;
for instance, Plk1-dependent phosphorylation of the centromeric protein PBIP1 creates a
docking site to facilitate its recruitment to kinetochores (Lee et al., 2008, Kang et al., 2006,
Neef et al., 2003, Neef et al., 2007). PIk1 is enriched at unattached kinetochores and ensures
the proper attachment of chromosomes to the mitotic spindle as Plk1 inhibition can impair
this process (Lénart et al., 2007). Plkl also participates in the silencing of the SAC once
chromosomes are properly attached to the mitotic spindle, and this involves Plk1-dependent
phosphorylation of the protein, p31Comet, which is responsible for freeing Mad?2 associated
with the MCC complex, and for the disassembly of the MCC in a process that also requires

the ATPase, TRIP13 (Kaisari et al., 2019).
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Following metaphase-to-anaphase transition, Plk1 translocates to the midzone, where it
plays an important role in the organization of the central spindle. Plk1 localization to the
midzone is dependent upon its association with the Protein Regulator of Cytokinesis 1
(PRC1), which is inhibited prior to anaphase onset by Cdkl-Cyclin Bl-dependent
phosphorylation (Barr et al., 2004, Golsteyn et al., 1995). Whilst at the midzone, Plkl
phosphorylates the RhoGEF Ect2, which promotes Ect2 binding with centralspindlin and
consequently triggers the activation of the RhoA GTPase responsible for the elongation of
the central spindle, the formation of the midbody and cytokinesis (Petronczki et al., 2008,
Petronczki et al., 2007, Yiice et al., 2005). Remarkably, this process is also controlled during
early mitosis by Cdkl-dependent phosphorylation of Ect2, which prevents its premature
phosphorylation by Plk1 (Yiice et al., 2005). During this time Plk1 also activates the protein
phosphatase, Cdc14 which promotes the dephosphorylation of Cdhl, and its recruitment to
the APC/C to allow the formation of active APC/C-Cdhl complexes (van Leuken et al.,

2009).

During telophase Plk1 translocates to the midbody where it regulates the early stages of
cytokinesis. Through the phosphorylation of several substrates, including PRC1 and the
Mitotic Kinesin-Like Protein 2 (MKLP2), Plkl has a pivotal role in the regulation of the
early stages of cytokinesis. Indeed, Plk1 inhibition at this stage promotes the disorganization
of the central spindles, failure in cleavage furrow ingression, as well as the disruption of its
own cellular distribution (Santamaria et al., 2007, Neef et al., 2003). Another partner of Plk1
during cytokinesis is the Golgi protein, Nir2, which is phosphorylated at the beginning of
mitosis by Cdk1 to allow for Golgi disassembly. At the end of mitosis, Nir2 localizes at the
midbody whereupon it is phosphorylated by Plk1, which is required for the completion of

cytokinesis and for the re-assembly of the Golgi apparatus (Litvak et al., 2004).
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At the end of mitosis Plk1 is degraded in an APC/C-Cdh1-dependent manner. Interestingly,
Plk1 degradation occurs with slower kinetics compared to other late mitotic APC/C
substrates such as Aurora A, where degradation starts immediately after anaphase onset. As
such, it has been suggested that APC/C-Cdhl activity might be coordinated by other
mechanisms during late mitosis, aimed at controlling the timely degradation of substrates as
cells prepare for cytokinesis and abscission. In this regard, a non-degradable Plk1 species
contributes to a delay in cytokinesis, suggesting that Plk1 elimination at late times during
cytokinesis is important for the completion of the final stage of mitosis (Lindon and Pines,

2004).

1.8.3 Aurora B

First discovered in yeast, Aurora B is a serine-threonine kinase responsible for the
phosphorylation of substrates on the R/K-X-T/S-I/L/V consensus (Chan and Botstein, 1993,
Cheeseman et al., 2002, Kimura et al., 1997). Together with INCENP, Survivin and
Borealin, Aurora B is part of the CPC, and participates in ensuring correct chromosome
attachment to the microtubules, sustaining the SAC, correcting chromosome bridges, and
for the regulation of processes that control cytokinesis (Fig. 1. 10) (Taylor and Peters, 2008,
Petronczki et al., 2007, Maiato et al., 2019, Hauf et al., 2003, D’ Avino and Capalbo, 2016,

Carmena et al., 2012).
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Prometaphase Telophase
bi-orientation Merotelic attachment
(tension) (lack of tension) Early telophase Late telophase

cleavage furrow  actomyosin

contractile ring intercellular bridge

tral spindi sp\\r;d\e midzone
tubule
Aurora B (OFF) Aurora B (ON) Aurora B (ON)
Kinetochores-microtubules Kinetochores-microtubules * Central spindle formation
stabilization de-stabilization ¢ Midbody assembly

Figure 1. 10: Aurora B role during mitosis. (A) During Prometaphase Aurora B
contributes to the destabilization of Merotelic attachments. Adapted from Tanaka (2005).

(B) During Telophase Aurora B contributes to the Central spindle formation and to the the
Midbody assembly. Adapted from D’ Avino and Capalbo (2016).

Aurora B localizes at centromeres during prometaphase where it is activated through auto-
phosphorylation of its T-loop, and trans-phosphorylation of its associated protein INCENP
(Ma and Poon, 2011, Krenn and Musacchio, 2015). This process is facilitated by Plk1, which
phosphorylates CPC component Survivin directly and primes Aurora B and its substrates for
phosphorylation and activation (Rosasco-Nitcher et al., 2008). Aurora B localization at the
centromeres also depends upon the kinase, Haspin, which is responsible for the
phosphorylation of histone H3-T3 and the recruitment of the CPC through targeting Survivin
(Wang et al., 2010, Hindriksen et al., 2017). At the centromeres, Aurora B plays a critical
contribution in the maintenance of centromeric cohesion, a process mediated by the proteins
Shugoshin (SGO1) and Haspin, which ensures sister chromatid cohesion until their

segregation at the metaphase-to-anaphase transition (Ma and Poon, 2011, Dai et al., 2006).

The main role of Aurora B is to correct improper kinetochore-microtubule attachments and
to sustain the SAC due through its localization to the inner kinetochores (Krenn and

Musacchio, 2015). Proper attachment of chromosomes to the mitotic spindle is controlled
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by two pathways: the SAC, which operates generally to promote cellular arrest in the
presence of unattached kinetochores; and the Error Correction (EC) system, which operates
locally to ensure the correct attachment of chromosomes to the mitotic spindle through the
activity of Aurora B (Krenn and Musacchio, 2015, Biggins and Murray, 2001, Tanaka et al.,
2002). Aurora B phosphorylates multiple substrates at the outer kinetochores and serves to
destabilize merotelic kinetochore-microtubule attachments and stabilize bi-oriented
kinetochore-microtubule attachments (Fig. 1.10 A). When chromosomes are bi-oriented, the
mechanical tension created allows for a spatial separation between Aurora B and its
substrates at the outer kinetochores, impeding Aurora B kinase activity and stabilizing
correctly configured kinetochore-microtubule attachments. In contrast, in the absence of bi-
orientation the lack of tension allows for Aurora B to phosphorylate its substrates at the outer
kinetochore, which leads to the destabilization of the kinetochore-microtubule attachments
and the sustainment of the SAC (Liu et al., 2009, Nezi and Musacchio, 2009, Hauf et al.,

2003, Musacchio, 2011, Musacchio, 2015).

Following anaphase onset, Aurora B is no longer associated to the centromeres and it
translocates to the midzone, where it contributes to the assembly and stabilization of the
central spindle (Ma and Poon, 2011, Kelly and Funabiki, 2009, Carmena et al., 2012,
Carmena et al., 2009, D’ Avino and Capalbo, 2016). This is achieved primarily by Aurora B-
directed phosphorylation of Centralspidlin, whose function is also controlled by PIkI.
However, whilst Plkls role is to favour the activation of the RhoA GTPase, Aurora B
promotes the formation of the central spindle by inducing the formation of Centralspindlin
clusters at the equatorial cortex, which are required for the stabilization of the central spindle
(Fig. 1.10 B) (D’Avino and Capalbo, 2016, Minoshima et al., 2003, Ma and Poon, 2011,

Petronczki et al., 2007). Aurora B also appears to participate in a novel checkpoint
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mechanism occurring between anaphase and telophase, aimed at correcting the presence of
chromosomes bridges, and, as such, delays furrow ingression in the presence of DNA within
the central spindle. In this regard, the Aurora B-dependent phosphorylation of Cyclin B1
inhibits Cdk1 activity and thus facilitates the disassembly of chromosome bridges (D’ Avino
and Capalbo, 2016, Steigemann et al., 2009, Maiato et al., 2019). Akin to Plk1, Aurora B is
targeted for degradation by the APC/C-Cdh1 during mitotic exit, which ensures the silencing
of Aurora B signalling pathway and the progression of cells into G1 (Stewart and Fang,

2005).

1.9 Known functions of APC/C subunit APC5

Together with APC1, APC4 and APC15, APCS5 is a component of the APC/C platform
domain responsible for bridging the APC/C TPR domain and the catalytic core of the APC/C
holoenzyme (Table 1.1) (Alfieri et al., 2017). APC5 is a 755 amino acid protein that,
according to structural and bioinformatic analyses, is organized into three main alpha-helix
domains: one encompassing residues 1-160, named APC5N; the second, comprising residues
206-740, which is characterized by the presence of a conserved TPR motif and is therefore
named APC5™R; and the third domain is the C-terminal region. An unstructured loop linker
comprising residues 170-205 connects APC5Y and APC5™® and no interface interactions
exist between these two APCS5 domains, suggesting that the overall APC5 structure is
stabilized by contacts with the APC4 subunit (Fig. 1.11 A). Within the APC/C holoenzyme,
APCS occupies a strategical position within the platform domain, which allows for multiple
interactions with many other APC/C subunits, namely APC1, APC4, APCI15 and APCS.
Cryo-EM data suggests that APC15 seems to be essential for the stabilization of the APC5N

domain, whereas APC8 functions as a bridge between APC5N and APC5™R, contributing to
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the stabilization of the overall APCS structure together with APC4 (Fig. 1.11 B) (Cronin et

al., 2015).

Vi Apc5TPR
" Apc5N-Apc5TPR linker P

(residues 170 — 205)

Figure 1. 11: Structure of the APC/C subunit, APCS5. (A) Cartoon of EM structure of
human APCS5 colour-graded from blue to red from the N- to C-terminus. The small subunit
APCI1S5 that contacts APCS is also shown (B) Surface of APCS5 color-coded according to
conservation (purple, conserved; cyan, unconserved). Contacting subunits APC1, APC4,
APCS8 and APC15 are also shown. Taken from Cronin et al. (2015).

As detailed earlier conformational changes within the APC/C are deemed critical in the
regulation of APC/C E3 ubiquitin ligase activity. As APC5 has multiple intramolecular

interactions with other APC/C subunits, conformational changes in APCS5 structure are likely
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to affect the overall structure of the APC/C that, potentially, could impact on APC/C activity.
For instance, the alpha-helix C-terminal region of the APCS5 has been predicted to fold back
onto the APC5™R domain, which together with the APC15 helix, creates a cavity within the
C-terminus of APC5™R which allows for the association of the APC/C activator, Cdhl.
Given that APC4 is important in modulating the binding affinity of UbcH10 for the APC/C
it is likely, given the high number of interactions between APC4 and APCS, that
conformational changes occurring within APCS5 might impact on UbcH10 interaction with

the APC/C (Cronin et al., 2015).

It has been determined that APCS5, as well as APC7, can associate with transcriptional co-
activators CBP/p300, through protein-protein interaction domains conserved in adenovirus
E1A (Turnell et al., 2005). CBP/p300 positively, promote progression through mitosis. As
mentioned earlier, APC5 and APC7 are not substrates for CBP/p300-directed acetylation;
APC3 is a target for CBP/p300-directed acetylation though how this affects APC/C function
is not known. This study also determined that the APC5 and APC7 could stimulate
CBP/p300-dependent transcription though the requirement for APC/C E3 ubiquitin ligase
activity in this process is not known. It has been suggested that APCS5 exists independently
of the APC/C holoenzyme, and can participate in cellular processes independent of the
APC/C (Turnell et al., 2005, Koloteva-Levine et al., 2004). Remarkably, a yeast three-hybrid
screen using Internal Ribosome Entry Site (IRES)-containing mRNAs as bait, identified
APCS as a poly-A binding protein (PABP) protein which, when overexpressed, counteracted
the ability of PABP to enhance translation. In this regard, fractionation studies suggested
that APC3 did not co-fractionate with APC5-PABP complexes, suggesting a role

independent of the APC/C holoenzyme (Koloteva-Levine et al., 2004).
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1.10 Project aims

It is becoming increasingly clear that individual APC/C subunits, through protein-protein
interactions and PTMs, play a critical role in the temporal regulation of the APC/C during
the cell cycle (Zhang et al., 2016, Qiao et al., 2016, Fujimitsu et al., 2016). Despite these
recent advances we still know very little about how individual APC/C subunits contribute to
the overall function and regulation of the APC/C holoenzyme. With this in mind, the
principal aim of the current project was to investigate the roles, and the regulation, of the
APC/C platform subunit, APCS5, in mitosis. APC5 was chosen for this study, not only
because our laboratory has a long-standing interest in this protein, but because it has also
clearly been shown to regulate mitosis, though how this is achieved at the molecular level is
poorly understood (Alfieri et al., 2016, Neumann et al., 2006). As a starting-point for my
studies, unpublished work in our laboratory suggested that APC5 protein levels might be

reduced during mitosis.

My initial aims therefore were to investigate this phenomenon and more generally, to
establish the precise role of APCS5 in mitosis and determine how APCS function is regulated.

As such, the original objectives of the project were as follows:

= To confirm preliminary data that suggested APC5 was destabilized in mitosis.

= To establish the dynamics of APCS5 destabilization during mitosis by employing
stable FLAG-APC5 WT U20S FRT clonal cell lines to investigate the stability and
regulation of the FLAG-APCS protein during mitosis and throughout the cell cycle.

= To understand the impact of APC5 mitotic destabilization on APC/C activity at a

molecular level.
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Intriguingly, by fulfilling our initial objectives, we discovered that the apparent mitotic
destabilization of APCS5 was not due to changes in the absolute levels of the protein. Instead,
we determined that the ‘reduction’ in the APCS5 levels during mitosis was due to an epitope-
masking phenomenon, caused by the phosphorylation of APC5 during mitosis, which
abrogated completely the binding avidity of a panel of monoclonal antibodies raised against
APCS5. In the light of this new evidence, and given the known, crucial role of
phosphorylation in the regulation of APC/C activity, we decided to investigate this
phosphorylation event further. We therefore changed our project aims, which focused on the
investigation of APC5 phosphorylation in mitosis and on the role of APCS5 phosphorylation
in the regulation of APC/C activity. In order to fulfil these aims, we devised a number of

new objectives, which were to:

= Identify the phosphorylation site on APCS responsible for the epitope-masking
phenomenon by exploiting the characteristic ability of our panel of monoclonal
antibodies not to be able to bind the phosphorylated APCS species.

= Identify the kinase(s) responsible for APCS5 phosphorylation.

= Investigate the dynamics of APCS5 phosphorylation in order to define when it occurs
during the cell cycle.

= Establish the role of the SAC in the phosphorylation of APC5 during mitosis and
moreover, the effect of genotoxic stress on APC5 phosphorylation.

= Determine the effect of APCS mitotic phosphorylation on the regulation of APC/C
activity.

= Investigate the localization of the phosphorylated APC5 species during mitosis.
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In this regard, we anticipated that results of our studies into APC5 phosphorylation might
provide new molecular insight into the complex mechanisms that regulate APC/C activity

throughout the cell cycle, particularly during mitosis.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Tissue culture

2.1.1 Cell culture and maintenance

All cell lines employed in this project are listed in Table 2.1. RPE-1, U20S and HeLa cell

lines were maintained in HEPES-buffered Dulbecco’s Modified Eagle Medium (DMEM,;

Sigma-Aldrich) supplemented with 8% v/v Foetal Calf Serum (FCS; Sigma-Aldrich) and

2mM L-glutamine (Sigma-Aldrich). U20S FRT cell lines produced during the course of this

study were maintained in DMEM-HEPES supplemented with 200pg/ml Hygromycin

(Gibco). All cell lines used were cultured in a humidified incubator at 37°C, 5% v/v COa.

For maintenance and propagation cells were washed once in Phosphate Buffer Saline (PBS;

Oxoid) and trypsinised with TrypLE express (Life Technologies) at 37°C for 5 min, re-

suspended in growth medium, centrifuged for 3 min at 300g at room temperature and seeded

onto new dishes at the appropriate dilution. To ensure sterility all procedures were conducted

under a Mars Safety Class hood 2 (Scanlaf).

Cell line Description
RPE-1 human hTERT-immortalized Retinal Pigment Epithelial cells
(ATCC number CRL-4000)
HeLa human adenocarcinoma HPV-18 infected cervical epithelial cells
(ATCC number CCL-2)
U208 human osteosarcoma (ATCC number HTB96)
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U20S FRT

U20S cells carrying a FRT recombinant site (Dr. Garry Sedwick,

University of Copenhagen)

FLAG-Cdc20 U20S

FRT

U20S FRT cells expressing FLAG-Cdc20 under the control of a

tetracycline-responsive promoter

FLAG-APC5 WT

U20S FRT

U20S FRT cells expressing FLAG-APC5 WT under the control

of a tetracycline-responsive promoter

FLAG-APCS S195A

U20S FRT

U20S FRT cells expressing FLAG-APCS5 S195A under the

control of a tetracycline-responsive promoter

FLAG-APCS5 S195D

U20S FRT

U20S FRT cells expressing FLAG-APCS5 S195D under the

control of a tetracycline-responsive promoter

FLAG-APC5 T232A

U20S FRT

U20S FRT cells expressing FLAG-APCS5 T232A under the

control of a tetracycline-responsive promoter

FLAG-APCS T232E

U20S FRT

U20S FRT cells expressing FLAG-APCS5 T232E under the control

of a tetracycline-responsive promoter

Table 2. 1: List of cell lines employed during this project
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2.1.2 Synchronization experiments and drug treatments

RO-3306
y. ,,,/‘ ; / LL'sv z
b ) a2,
!(’,’ )—> 1“ > /y ‘-» : < 2
G2 Metaphase Anaphase
Nocodazole

Early prometaphase
arrest Taxol

Late prometaphase
arrest

Figure 2. 1: Synchronization experiments and drugs treatment. Diagram showing the
specific mitotic stage where cells arrest following the different synchronization treatments.

2.1.2.1 Synchronization of cells in mitosis

Synchronization in mitosis was achieved by incubating cells in DMEM-HEPES
supplemented with 10uM nocodazole (Sigma-Aldrich) or 10uM taxol (Sigma-Aldrich).
Typically, cells were grown on 25¢m? (T25) or 75¢cm? (T75) sterile flasks; mitotic cells were
isolated by mechanical shake-off and centrifugation for 3 min at 300g. Mitotic cells were
then released back into the cell cycle after being washed twice with DMEM-HEPES at 37°C
and subsequently incubated at 37°C in fresh DMEM-HEPES medium. Cells were then
harvested at the appropriate time points post nocodazole/taxol withdrawal. Prior to
synchronization U20S FRT cell lines, carrying the gene of interest, were treated with
200ug/ml Doxycycline for 18h to induce expression of the recombinant gene. As and when
needed, 10uM of the 26S proteasome inhibitor, MG132 was added to the cells 30 min
following release from nocodazole or taxol treatment, in order to stabilize poly-ubiquitylated

proteins as cells progressed through mitosis. All drugs were prepared in water.
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2.1.2.2 Synchronization of cells at the G2/M border

Synchronization of cells at the G2/M border was achieved by incubating cells, grown on
6¢cm? or 10cm? sterile dishes, in DMEM-HEPES supplemented with 9uM RO-3306 (Sigma-
Aldrich) for 18h and then harvested. Prior to synchronization U20S FRT cell lines, carrying
the gene of interest, were treated with 200pug/ml Doxycycline for 18h to induce expression

of the recombinant gene. All drugs were prepared in water.

2.1.2.3 Treatment of cells with Reversine

Mitotically-arrested cells obtained by treatment with 10uM nocodazole or taxol were
isolated by mechanical shake-off and transferred on to 10cm? sterile dishes in the continued
presence of the synchronization agent. In order to overcome the SAC, 250nM Reversine
(Tebu-bio) was added to the cells for the appropriate time prior to harvesting. As and when
needed, 10uM of MG132 was added at the same time as Reversine to allow for the
stabilization of poly-ubiquitylated proteins through inhibition of the 26S proteasome. Cells

were harvested at the appropriate times post-treatment. All drugs were prepared in water.

2.1.2.4 Induction of cellular genotoxic stress

Genotoxic stress was induced by treatment of cells with 5-FluoroUracil (5-FU, 50pg/ml) or
Carboplatin (Carbo-Pt; see legends for concentrations used) for 16h after which time they
were harvested. Genotoxic stress was also induced, when appropriate, with UV irradiation
at 25J/m?. Cells were harvested at the appropriate times post-irradiation (see Figure legends

for details). All drugs were prepared in water.

2.1.2.5 Inhibition of mitotic kinases

For the mitotic kinase inhibition experiments mitotically-arrested cells obtained by treatment

with nocodazole were isolated by mechanical shake-off and transferred to fresh 10cm? dishes
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in the continued presence of nocodazole. Cdkl was inhibited by the addition of 9uM RO-
3306 (Sigma-Aldrich); Plkl was inhibited by the addition of 250nM BI-6727 (Cayman
Chemical); Aurora B was inhibited by the addition of 10uM Hesperadin (Cayman
Chemical). Inhibitors were added to cells alone, or in combination with 10uM 26S
proteasome inhibitor, MG132 and harvested at the appropriate time points post-treatment.

All drugs were prepared in water.

2.1.3 Generation of U20S FRT cell lines

To generate clonal U20S FRT cell lines, cells at 90% confluence on 10cm? sterile dishes
were transfected with 1.5ug of the appropriate pcDNAS-FRT vector, 13.5ug of the pOG44
vector, that expresses the Flp recombinase necessary for the integration of the exogenous
gene at the FRT recombinant site, and 15ul of the transfection reagent, Lipofectamine 2000
(Life Technologies) in the presence of reduced-serum medium, OptiMEM (Life
Technologies). 24h post-treatment transfected cells were passaged on to four, fresh 10cm?
dishes. After a further 48h cells were placed under selection by the addition of DMEM-
HEPES supplemented with 200pug/ml Hygromycin B (Life Technologies). Discrete colonies
were observed about 2 weeks post-transfection and individual colonies were isolated in
sterile conditions using the Nikon eclipse TS100 microscope and seeded on to 24-well plates
in the continued presence of DMEM-HEPES supplemented with 200pug/ml Hygromycin B.
When cells reached confluency they were transferred onto one 10cm? dish that was kept as
a stock and two 6¢cm? dishes to test the expression of the integrated gene. One of the two
6cm? dishes was subsequently treated with 200ug/ml of Doxycycline whilst the other was
used as a non-induced control. 18h post-induction cells were harvested and cell lysates tested

for expression of the exogenous gene product by Western blotting.
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2.1.4 siRNA transfections

RNA interference was employed to silence the expression of the endogenous APC5 gene.
Transfection was performed on cells at 30% confluence in OptiMEM with the transfection
reagent, Lipofectamine RNAIMAX (Life Technologies) and 30nM silencing control siRNA
(siCTRL) or 30nM siRNA directed towards APC5 (Table 2.2). The transfection mix was
prepared by mixing the siRNA construct and the RNAIMAX separately in OptiMEM for 5
min at room temperature. The siRNA construct and Lipofectamine RNAIMAX solutions
were then combined and incubated for an additional 30 min at room temperature. Cells were
then washed twice with OptiMEM and maintained in OptiMEM. The transfection mix was
then added drop-wise to cells which were then incubated for 6h at 37°C, 5% v/v COa. The

transfection mix was then discarded and replaced with DMEM-HEPES medium.

For nocodazole-release experiments which utilized U20S FRT cell lines expressing
exogenous APCS constructs, the siRNA transfection was performed 24h before the addition
of the nocodazole, whilst Doxycycline induction of the exogenous gene was performed

overnight on the same day of the transfection.

Gene siRNA construct sequence
APCS GCCAAGUGUUUAAACUGUALt (Ambion)
siCTRL CGUACGCGGAAUACUUCGALtt (Ambion)

Table 2.2: siRNA constructs used during this project. Underlined residues correspond to
nucleotides mutated in the FLAG-APCS species to incur siRNA resistance.
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2.2 Protein biochemistry

2.2.1 Cell harvesting

2.2.1.1 Harvesting of whole cell lysates for Western blotting procedures

For preparation of cell lysates for Western blotting adherent cells were washed twice with
cold PBS (4°C) and then incubated for 5 min with UTB lysis buffer (9M Urea, 50mM Tris-
HCI pH 7.5, 0.15M B-mercaptoethanol) at room temperature. Cell lysates were then
collected using a cell scraper and transferred to a clean, non-sterile eppendorf. To obtain
lysates from mitotically-arrested cells, cells were isolated by mechanical shake-off and
centrifugation at 300g for 3 min, washed twice with cold PBS (4°C) and resuspended in
UTB lysis buffer. After harvesting, cells were sonicated using a Misonix Microson
Ultrasonic Cell Disrupter on high power (setting 5) for 15 sec, centrifuged at 16200g at 4 °C

for 30 min and stored at -80°C until required.

2.2.1.2 Cell harvesting for Immunoprecipitation

For Immunoprecipitation (IP) adherent cells were washed twice with cold PBS (4°C) and
lysed in the most appropriate buffer for subsequent procedures (Table 2.3). Cells were
typically incubated for 5 min at 4°C in lysis buffer, harvested with a cell scraper and then
transferred to a clean, non-sterile eppendorf at 4°C. Mitotically-arrested cells were isolated
by mechanical shake-off and centrifugation at 300g for 3 min, washed once with cold PBS
(4°C) and resuspended in the most appropriate lysis buffer. All samples were mechanically
homogenised using a dounce homogenizer with a tight pestle (Wheaton), centrifuged for 20
min at 16200g at 4°C to precipitate cellular debris, and the supernatant was collected with
the use of a small gauge needle to avoid the collection of any lipid layer that accumulated

on the surface of the supernatant.
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Lysis buffer Washing buffer

NETN 250mM NaCl NETN 250mM NaCl
20 mM Tris (pH 7.5), 250 mM NaCl, 25 mM NaF, 25 mM -
glycerophosphate, | mM EDTA pH 8.0, 1% v/v Nonidet P-

40

APC/C lysis buffer APC/C washing buffer
20mM  Tris pH 7.5, 100mM NaCl, 20mM f-|20mM Tris pH 7.5,
glycerophosphate, SmM MgCl,, 0.2% v/v Nonidet P-40, 10% | 150mM NaCl, 0.02% v/v

v/v glycerol, ImM NaF, 0.5mM DTT Tween 20

HiLo HiLo

50mM Tris pH 7.5, 0.825M NaCl, 1% v/v Nonidet-P40

Table 2. 3: Lysis buffers employed during this project for immunoprecipitation studies

2.2.2 Bradford assay for determination of protein concentrations

The protein concentration of harvested cell lysates (as described in Sec. 2.2.1.1 and 2.2.1.2)
was determined by comparing the absorbance at 595nm of 4l of cell lysate with a standard
curve generated by measuring the absorbance of Oug, Spg, 10pg, 20pg and 30ug of Bovine
Serum Albumin (BSA; Sigma-Aldrich) diluted in 1ml of Bradford reagent (Bio-Rad).

Absorbance of the samples was measured with a Cecil CE9200 spectrophotometer.

2.2.3 SDS-PAGE

50 pg of total protein was mixed with an equal volume of sample buffer (1 volume 10% v/v

SDS: 2 volumes 9 M Urea, 50 mM Tris pH 7.4, 150 mM f -mercaptoethanol), boiled for 5
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min at 95°C and separated on a 10% w/v acrylamide gel (37.5/1 acrylamide/bisacrylamide,
0.1 M Tris-Bicine pH 8.0, 0.1 w/v SDS, 0.3% v/v TEMED [N, N, N’, N;-
tetramethylethylenediamine], 0.06% ammonium persulphate). The SDS-PAGE (Sodium
Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis) was performed overnight using a
vertical gel electrophoresis system (Hoefer) in the presence of running buffer (0.1 M Tris,

0.1 M Bicine, 0.1% w/v SDS).

2.2.4 Western blotting procedure and Antibodies

SDS-PAGE gels were transferred to nitrocellulose membranes (PALL) at 280 mA for 6h in
transfer buffer (25 M Tris, 192 mM glycine, 20% v/v methanol). The membranes were then
blocked in blocking buffer, consisting of TBST (20 mM Tris-HCI pH 7.5, 150 mM NacCl,
0.1% v/v Tween 20) + 5% w/v Milk powder, for at least 45 min. The membranes were cut
to the appropriate size and incubated overnight, on a rocker at 4°C, with the appropriate
primary antibody in blocking buffer (Table 2.4). Membranes were then washed with TBST
for 30 min and incubated with the appropriate secondary antibody conjugated to Horseradish
Peroxidase (HRP; Table 2.4) in blocking buffer for 3h at room temperature. The membranes
were then washed 3 times for a total of 45 min and the antibody signal visualized with
Immobilon Western Chemiluminescent reagent (Millipore) and X-ray film (Wolf

Laboratories). Films were developed using an X-ograph developer.

Antiobody name Cat.Num | Dilution | Species Manufacturer
APC3 610455 1:2000 | Mouse BD Transduction Lab
APC4 sc-514895 1:1000 | Mouse | Santa-Cruz Biotechnology
APCS #229 polyclonal | A301-026A 1:500 | Rabbit Bethyl laboratories
APC5#10 monoclonal - 1:10 Mouse In house
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APC5#22 monoclonal - 1:10 Mouse In house
APC5#23 monoclonal - 1:10 Mouse In house
APC5#24 monoclonal - 1:10 Mouse In house
APC5#33 monoclonal - 1:2000 | Mouse In house
APC5#38 monoclonal - 1:10 Rabbit In house
APC5#4 monoclonal - 1:2000 | Mouse In house

APC7 - 1:1000 | Rabbit In house

APCS sc-524006 1:1000 | Rabbit | Santa-Cruz Biotechnology
Aurora B ab-2254 1:2000 | Rabbit Abcam

Bubl ab-54893 1:1000 | Mouse Abcam

Cdc20 sc-245 1:2000 | Mouse | Santa-Cruz Biotechnology
Cyclin A sc-53227 1:500 | Mouse | Santa-Cruz Biotechnology
Cyclin B1 sc-245 1:1000 | Mouse CRUK

FLAG F3165 1:2000 | Mouse Sigma-Aldrich
Geminin sc-13015 1:1000 | Rabbit | Santa-Cruz Biotechnology
GST Ab-1 1:500 | Rabbit Oncogene Science
Nek2A 610594 1:2000 | Mouse BD Transduction Lab
p53 DO-1 1:20 Mouse David Lane
pAPCS5 S195 740 1:1000 | Rabbit MRCPPU

pH3 Ser10 9701 1:3000 | Rabbit Cell Signalling

Plk1 sc-17783 1:2000 | Mouse | Santa-Cruz Biotechnology
UbcH10 - 1:500 | Rabbit In house
a-Anti-mouse Ig HRP P0447 1:2000 Goat Dako
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a-Anti-rabbit Ig HRP P0399 1:3000 | Swine Dako

B-actin A2228 1:40000 | Mouse Sigma-Aldrich

Table 2. 4: Antibodies employed for Western blotting procedures during this project

2.2.5 Immunoprecipitation

An appropriate amount of total protein (see Figure legends for individual experiments)
isolated as described in section 2.2.1.2 was incubated, by rotation, overnight at 4°C in the
presence of a specific antibody directed towards the protein of interest, or with the same
amount of a control IgG derived from the same animal species. Immunocomplexes were
then collected on protein G sepharose beads (KPL) by rotation for 3h at 4°C.
Immunoprecipitates were then washed 5 times with the appropriate washing buffer (Table
2.3), with a centrifugation step at 16200g following each wash. Immunoprecipitates were
then heated at 95°C in sample buffer, separated by SDS-PAGE (see Sec. 2.2.3) together with
50ug of total protein from whole lysate used as a control, transferred to nitrocellulose and

subjected to Western blotting (see Sec. 2.2.4)

2.2.6 A-phosphatase treatment

A-phosphatase treatment was performed using the Lambda Protein Phosphatase kit (New
England BioLabs) on samples obtained by synchronization with nocodazole and taxol (Sec.
2.1.2.1) and isolated by IP (Sec. 2.2.5) in APC/C lysis buffer (Table 2.3). Following IP,
beads were washed with 25mM Tris pH 7.4 before incubation for 1h at 30°C in 30ul of
phosphatase buffer (3ul 10X NEBuffer for Protein Metallo Protease (PMP), 3ul of 10mM
MnCl,, 23ul nuclease free water) in the presence or absence of 1ul A-phosphatase enzyme

(that was replaced with nuclease free water for control samples). Following A-phosphatase
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treatment samples were separated by SDS-PAGE (see Sec. 2.2.3) and subjected to Western

blotting analysis (see Sec. 2.2.4).

2.2.7 Expression and purification of recombinant GST proteins

The corresponding APC5 cDNA sequences to be expressed as a recombinant proteins were
first cloned into the pGEX-4T1 vector (Sec. 2.3.1) and validated by Sanger sequencing.
Validated clones were then used to transform E.coli RIPL codon-plus BL21 cells (Agilent
Technologies) that were grown on Luria Broth (LB)-Agar supplemented with ampicillin
(100pg/ml), as described in section 2.3.2. Single colonies of transformed bacteria were
grown overnight in 25ml LB, supplemented with ampicillin (100pg/ml), by agitation at 220
rpm and 37°C. The following morning bacterial cultures were transferred into 500ml LB
containing ampicillin (100pg/ml) and incubated by agitation at 37°C for approximately 3h
to an O.D. of 0.6-0.7 at 600nm, after which time the temperature was reduced to 30°C and
protein expression was induced 30 min later by the addition of 0.02% w/v isopropyl-p-D-1-
thiogalactopyranoside (IPTG), followed by further incubation at 30°C at 220 rpm for 3h. To
purify GST-tagged proteins bacteria were first pelleted by centrifugation for 5 min at 5000g
at 4°C. BL21 cells were then incubated with GST lysis buffer (ImM EDTA pH 8.0 and 1%
v/v Triton-X-100 in PBS), followed by four rounds of high powered sonication with the
Misonix Microson Ultrasonic Cell Disrupter for 1 min on ice. The cell lysate was then
centrifuged for 10 min at 20000g at 4°C, and the supernatant containing the GST protein of
interest were transferred to a clean centrifuge tube. This step was repeated until the lysate
became clear and the size of the pellet negligible (typically three centrifugation steps). The
clarified lysate was then transferred in to a 50ml tube to which 1ml packed glutathione beads

(Sigma-Aldrich) was added and the samples were incubated by rotation overnight at 4°C.
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Samples were then centrifuged at 560g for 5 min and the glutathione beads washed three
times in the GST lysis buffer, and twice with a wash solution of ImM EDTA in PBS. The
GST protein was eluted from the beads with 25mM glutathione in 50mM Tris pH 8.0 by
rotation for 2h at 4°C. Eluted proteins were subject to three rounds of cellulose dialysis
(molecular weight cut-off: 12000-14000 Da; Fisherbrand) in buffer containing 25mM Tris
pH 8.0, 100mM NaCl, ImM dithiothreitol and 10% v/v glycerol at 4°C. The concentration
of the purified proteins was then calculated using the Bradford assay as described in section

2.2.2 and their purity was assessed by SDS-PAGE (Sec. 2.2.3).

2.3 Molecular biology

2.3.1 Cloning procedure

APC5 was amplified by PCR from a validated APC5 cDNA template (pcDNAS FLAG-
APCS5 WT) using the appropriate PCR primers (Table 2.5) designed to incorporate specific
restriction enzyme sites. PCR reactions were performed using HotStart Q5 Polymerase (New
England BioLabs) in a total volume of 50ul containing: 10-50ng of template DNA, 500nM
of the forward and reverse primers, 200uM dNTPs, 5yl 10X buffer and 1 Unit Q5 DNA
polymerase (New England BioLabs). PCR reactions were carried out using a 2720 Thermal
cycler PCR machine (Applied Biosystems) using the general protocol: 98°C for 30 sec, 25-
35 cycles of 95°C for 10 sec, 50-72°C for 30 sec, 30 sec/kb at 72°C, 72°C for 2 min. PCR
products were visualized following agarose-gel electrophoresis with SYBR Safe DNA stain.

The DNA bands of interest were excised with a scalpel, and purified as described in section

2.3.7.

Next, the purified PCR products and the cloning vectors were subject to restriction enzyme

digestion (New England BioLabs) for 3h at 37°C in water bath. Digestion reactions were
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performed in a total volume of 50ul containing 500ng-2ug DNA, 5ul of 10X digestion buffer
and 25 units of each restriction enzyme. The digested DNA was separated by agarose-gel
electrophoresis, visualized with SYBR Safe DNA stain, and bands of interest purified as

described in section 2.3.7.

Ligation of amplified DNA (insert) into the vector of choice was performed overnight at
16°C in a total volume of 30ul containing 3ul 10X T4 buffer, 1 unit of T4 DNA ligase, and
insert:vector Molar ratios varying from 1:1 to 5:1; reactions were made up to 30ul with
nuclease-free water (New England BioLabs). The ligation reaction mix was then incubated
for 10 min at 65°C to inactivate the T4 DNA ligase. Library Efficiency DH5a (Invitrogen)
competent cells were then added to these mixtures and bacteria transformation performed as

described in section 2.3.2.

PCR Primers Sequence

EcoRI APC5 1-400 For | AAGGAGAATTCATGGCCAGCGTCCACGAGAGCCTC

Xhol APC5 1-400 Rev | AAGGACTCGAGCCCAGCAAAAGCTCTCTTGTTGAAC

Table 2. 5: Primers employed for the cloning of APCS. Please note that the pcDNAS-
FLAG-APCS5 WT vector was used as a template to amplify APC5 1-400, and was already
available in the laboratory when the project started.

2.3.2 Transformation of bacteria

Different strains of bacteria (Table 2.6) were used for DNA amplification (see Sec. 2.3.3 and
2.3.4). Typically, 100ng of purified plasmid DNA or 5ul of mini-prep plasmid DNA, was
added to either 20ul Subcloning efficiency DHS5a (Invitrogen), 20ul Library efficiency
DH5a, or 20ul MAX efficiency Stbl2 competent (Invitrogen) cells. For QuickChange 11
site-directed mutagenesis 4ul of the reaction mix was added to 25ul of XL1-Blue

supercompetent cells (Agilent Technologies). Plasmid DNA and bacteria were incubated on
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ice for 30 min, followed by heat shock in a water bath at 42°C for 1 min, before being placed
on ice for an additional 5 min. After this time, 400ul of LB medium (1% w/v NaCl, 1% w/v
Tryptone (DIFCO), 0.5% w/v yeast extract (DIFCO)) was added to sub-cloning and library
efficiency DH5a; 300ul of SOC medium (Invitrogen) was added to MAX Efficiency Stbl2
competent cells; 400ul of NZY medium (1% w/v NZ amine, 0.5% w/v yeast extract, 0.5%
w/v NaCl, 12.3mM MgSOs, 0.4% w/v glucose) was added to XL1-Blue supercompetent
cells. Cells were then incubated for 1h in an orbital shaker at 37°C and plated onto LB-agar
(1.5% w/v bacto-agar (DIFCO)) plates supplemented with ampicillin (100pg/ml; Sigma-
Aldrich). The plates were left to dry at room temperature for 20 min and then transferred to

an incubator overnight at 37°C to allow for bacterial growth.

Bacteria strain Manufacturer
Subcloning efficiency DH5a Invitrogen
Library efficiency DH5a Invitrogen
MAX Efficiency Stbl2 competent Invitrogen
XL1-Blue supercompetent Agilent technologies
BL21-RIPL Agilent technologies

Table 2. 6: List of bacteria strains employed during this project

2.3.3 Mini-prep of plasmid DNA

Following bacterial transformation, individual colonies were picked from LB-agar plates
and grown overnight in 5ml LB supplemented with ampicillin (100pg/ml; Sigma-Aldrich),
in an orbital shaker at 37°C. The following day bacteria were pelleted by centrifugation at
5000g for 5 min and the DNA purified using the GenElute plasmid mini-prep kit (Sigma-

Aldrich). As such, bacteria were resuspended in 200pl of resuspension buffer supplemented
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with RNase and lysed by inversion following the addition of 200ul of lysis buffer. After 5
min, 300ul of neutralization buffer was added to each sample which was again mixed by
inversion. Lysates were then clarified by centrifugation and loaded onto DNA purification
columns that had been washed previously with 500ul column preparation buffer. Columns
were then centrifuged for 1 min at 16200g and the flow-through discarded. The columns
were then washed successively, by the addition of 500ul of wash optional buffer and 750ul
of washing solution containing 70% v/v ethanol and centrifugation at 16200g for 1 min.
After the final wash the column was dried by centrifugation at 16200g for 1 min. After this
step the column was placed in to a new collection tube and the plasmid DNA was eluted by
the addition of 100ul of nuclease-free water and centrifugation at 16200g for 3 min. DNA
concentration was quantified using a NanoDrop ND-1000 spectrophotometer
(ThermoFisher Scientific) and the ND-1000 spectrophotometer v3.2 software

(ThermoFisher Scientific). Samples were stored at -20°C until required.

2.3.4 Maxi-prep of plasmid DNA

For large-scale plasmid DNA preparations individual colonies were picked from LB-agar
plates and incubated in Sml LB supplemented with ampicillin (100pg/ml; Sigma-Aldrich)
for 6h at 37°C in an orbital shaker. After this time the bacterial culture was transferred to
250ml LB supplemented with ampicillin (100pg/ml; Sigma-Aldrich) and left to grow
overnight at 37°C in an orbital shaker. The following day bacteria were pelleted by
centrifugation at 5000g for 10 min at 4°C and plasmid DNA was extracted with the
NucleoBond Xtra Maxi kit (Macherey-Nagel). Bacteria were resuspended in 12ml of
resuspension buffer supplemented with RNase. Bacteria were lysed by the addition of 12ml

of lysis buffer, mixed by inversion, and incubated for 5 min at room temperature. Lysates
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were then neutralized by the addition of 12ml of neutralization buffer; tubes were inverted
until the cellular debris was precipitated. The samples were then transferred onto DNA
purification columns that had been prepared previously by the addition of 25ml EQU
solution. After DNA loading onto the columns, the columns were washed with 25ml washing
buffer containing 70% v/v ethanol, after which the DNA was eluted upon the addition of
15ml elution buffer. 10.5 ml of isopropanol was then added to each sample to precipitate the
plasmid DNA, which was pelleted by centrifugation at 27216g for 30 min and 4°C.
Subsequent steps were performed in a sterile cabinet to preserve the sterility of the DNA.
Precipitated DNA was washed twice with 1ml of 70% v/v ethanol. The DNA pellet was then
left to air-dry for 15 min and an appropriate amount of nuclease-free water was then added
to the samples. After hydration the DNA concentration was measured with a NanoDrop ND-
1000 spectrophotometer (ThermoFisher Scientific) and the ND-1000 spectrophotometer

v3.2 software (ThermoFisher Scientific).

2.3.5 Site-directed mutagenesis

Site-directed mutagenesis was performed on pcDNAS FLAG-APC5 WT and pGEX-4T1
APCS5 1-400 templates using the Quick-Change II Site-directed mutagenesis kit (Agilent
Technologies) in a PCR reaction using the primers listed in Table 2.7. The PCR reaction was
performed in a total volume of 50ul containing: Sul of 10X reaction buffer, 10ng of DNA
template, 500nM of forward and reverse primers, 200uM of dNTPs, 2.5 U/ul of Pfu Ultra
DNA polymerase (Agilent Technologies) and nuclease-free water up to the required volume.
PCR reactions were carried out using a 2720 Thermal cycler PCR machine (Applied
Biosystems) using the following parameters: 95°C for 1 min, 18 cycles of 95°C for 50 sec,
60°C for 50 sec, Imin/kb at 68°C, 68°C for 9 min. Amplified DNA was then subjected to

digestion with the restriction enzyme, Dpnl (10U/ul) for 1h at 37°C in water bath. 4ul of
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DNA was then added to 25ul of XL 1-Blue supercompetent cells (Agilent Technologies) and
the bacterial transformation was performed as described in section 2.3.2. Individual colonies
were selected and mini-prep plasmid DNA purified as described in section 2.3.2. Sanger
sequencing, as described in section 2.3.6 was used to validate the incorporation of the desired

mutations.

Mutagenic primer Sequence

APCS5 S195A For | GAAGAACTTGATGTAGCTGTAAGAGAAGAGGAGG

APCS5 S195 Rev CCTCCTCTTCTCTTACAGCTACATCAAGTTCTTC

APCS5 S195D For | GAAGAACTTGATGTAGATGTAAGAGAAGAGGAGG

APC5 S195D Rev | CCTCCTCTTCTCTTACATCTACATCAAGTTCTTC

APCS5 S221D For | CTTTCTCAACAGGCTGATTTGCTAAAGAATGATG

APCS5 S221D Rev | CATCATTCTTTAGCAAATCAGCCTGTTGAGAAAC

APC5 T232A For | GATGAGACTAAGGCCCTCGCTCCAGCTTCCTTGCAGAAG

APC5 T232A Rev | CTTCTGCAAGGAAGCTGGAGCGAGGGCCTTAGTCTCATC

APC5 T232E For | GATGAGACTAAGGCCCTCGAACCAGCTTCCTTGCAGAAG

APC5 T232E Rev | CTTCTGCAAGGAAGCTGGTTGAGGGCCTTAGTCTCATC

Table 2. 7: List of primers for mutagenesis that were employed during this project. All
primers were produced by Sigma-Aldrich.

2.3.6 DNA sequencing

Sequencing reactions were performed by PCR in a volume of 20ul using the following
method: 25 cycles of 96°C for 10s, 55°C for 5s, and 60°C for 4min. The sequencing reaction
was: 10ng/ul sequencing primer (Table 2.8), 4ul 5x sequencing buffer, 1ul Big Dye
Terminator (Applied Biosystems), Syl of mini-prep DNA and nuclease-free water up to the

required volume. After PCR, the DNA was precipitated, on ice for 30 min, by the addition
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of 62.5ul absolute ethanol, 3ul 3 M Sodium Acetate, and 14.5ul nuclease-free water.
Precipitated DNA was pelleted by centrifugation for 20 min at 16200g and washed twice
with 100ul 70% v/v ethanol. After ethanol washes DNA was air-dried and re-suspended in
11ul HiDi and heated at 100°C for 5 min. DNA sequences were obtained using a 3500xl1

Genetic Analyser (Applied Biosystems) and analysed with BLAST (NCBI, NIH).

Sequencing Primers Sequence

APCS seq2 (1023) For AGATACGCCGCTCTGAATCTTGCC

APCS seq3 (1473) For CTGGAGGCGGTGAATGCGGGCGTG

APCS seq4 (1923) For CTGCCCATGCTCCTGCAGGCTCTG

APCS5 seq5 (677) For AAAAATGGAAAAAGAAGAACTTGA

APCS5 seq6 (671) For TGAAAGAAAAATGGAAAAAGAAGA

APCS5 seq7 (1707) For ACGATTTCCGCCTAATAGTCAGCA

APCS seq357 For TACAAGTTAATTGAAGAGTCTTGT

pcDNAS TO For CGCAAATGGGCGGTAGGCGTG

Table 2. 8: List of sequencing primers used during this project. All primers were
produced by Sigma-Aldrich.

2.3.7 Agarose-gel electrophoresis and DNA gel extraction

Agarose-gel electrophoresis was typically performed on a 0.8% w/v agarose (electrophoresis
grade, Invitrogen) gel in 60ml of TBE (100mM Tris, 100mM boric acid, 2mM EDTA pH
8.3) in the presence of 1.5ul SYBR Safe (Life Technologies). Prior to loading, DNA was
mixed with 6X gel-loading buffer (30% v/v glycerol, 0.25% w/v bromophenol blue and
0.25% w/v xylene cyanol FF). Gels were typically run at 60V for 45 min in 1X TBE. Gels
were visualized with a Safe Imager (Invitrogen) and DNA gel extraction was performed with

a QIAquick Gel extraction kit (Qiagen).
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Individual bands of the correct size were excised from the agarose gel and then solubilised
by the addition of 600ul of buffer QG at 55°C for 10 min. 200ul of isopropanol was then
added to the solution, which was mixed by inversion, before being transferred to a QIAquick
column and centrifuged for 1min at 16200g. The flow through was discarded and the column
was washed with 500ul of QG buffer by centrifugation at 16200g for 1 min. The column
was then washed with PE buffer by centrifugation at 16200g for 1 min. The column was
then dried by centrifugation at 16200g for 1 min, and the DNA was eluted by centrifugation

at 16200g for 2 min with 50ul of nuclease-free water.

2.4 Microscopy

2.4.1 Immunofluorescence

For immunofluorescence cells from a 10cm? dish were seeded onto multispot microscope
glass slides (Hendley Ltd) at 20% density, as described in section 2.1.1. After 48h incubation
the slides were washed with PBS before being fixed and permeabilised by incubation with
methanol at -20°C for 15 min. Slides were then left to air-dry at room temperature and then
blocked with heat inactivated normal goat serum (HINGS; 20% v/v HINGS, 0.2% w/v BSA
in PBS) for 45 min at room temperature. Slides were washed in PBS and then incubated for
2h at room temperature with the appropriate primary antibodies diluted in blocking buffer
(Table 2.9). Following the primary incubation, slides were washed twice with PBS for 15
min, and then incubated with the specific fluorophore-conjugated secondary antibodies
(Table 2.9). Following incubation with the secondary antibodies, the slides were washed
three times in PBS for 15 min and then air-dried. Slides were mounted in Vectashield (Vector

Laboratories) containing DAPI (4°,6-diamidino-2-phenylindole) and visualized either with
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the Nikon Y-FL epi-fluorescence microscope or with the Zeiss LSM780 confocal

microscope.

Antibody name Cat.Num Dilution Species Manufacturer
y—tubulin T6557 1:2000 Mouse Sigma-Aldrich
pAPCS5 S195 740 1:50 Rabbit MRCPPU
Plk1 sc-17783 1:50 Mouse Santa-Cruz
PRCI sc-376983 1:50 Mouse Santa-Cruz
a-mouse Alexa Fluor 594 A21203 1:100 Donkey Life Technologies
a-rabbit Alexa Fluor 488 A21206 1:100 Donkey Life Technologies
a-tubulin T5168 1:2000 Mouse Sigma-Aldrich

Table 2. 9: List of antibodies used for immunofluorescence microscopy during this
project

2.4.2 Live cell imaging

For live cell imaging experiments one confluent 10cm? dish was plated onto 12-well plates
at a density of 10% for siRNA transfection followed by DNA transfection experiments, and
20% solely for siRNA transfection experiments. The following day the siRNA transfection
was performed as described in section 2.1.4 with a transfection mix containing 0.5ul
RNAIMAX (Life Technologies), and 30nM of siCTRL or siAPCS5 (Table 2.2) in a total
volume of 100ul OptiMEM (Life Technologies). The day after siRNA transfection cells
were incubated in the presence of 500mM SiR-DNA (Spirochrome) in DMEM-HEPES for

at least 1h before starting the imaging data collection.

Images were captured using a Cell-1Q system (CM Technologies) equipped with phase and

fluorescence modules using a 10X objective. Plates were housed within a chamber at a

65



controlled temperature of 37°C, 5% v/v CO,. Images of the selected regions of interest on
the plate were acquired every 3 min for at least 20h. Images were then processed to remove
background fluorescence, using the appropriate software, before being exported as Windows
media files (Cell-IQ Analyzer version 4.4.0). Cell counting was performed manually with
the aid of the Cell Counter plugin in ImageJ Fiji (Schindelin et al., 2012) and statistical
analyses was performed in R Studio using the Wilcoxon test function, which performs a non-
parametric test for comparison of non-normally distributed samples based on their median

values.
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CHAPTER 3: IDENTIFICATION OF APCS S195S AS A

TARGET FOR PHOSPHORYLATION DURING MITOSIS

3.1 Introduction

APCS5 is a 755 amino acid protein, which together with APC1, APC4 and APC15, constitutes
the platform domain of the APC/C (Sivakumar and Gorbsky, 2015, Cronin et al., 2015,
Alfieri et al., 2017, Watson et al., 2018). It is established that conformational changes that
occur within the APC/C platform domain affect greatly the overall structure and function of
the APC/C holoenzyme (Zhang et al., 2016, Fujimitsu et al.,2016). As such, phosphorylation
of the APC3 and APC1 subunits by Cdk1-Cyclin B1 modifies APC/C structure, which is
critical for the formation of an active APC/C-Cdc20 complex during mitosis (Zhang et al.,
2016, Alfieri et al., 2016). Indeed, structural analyses conducted by the Barford laboratory
have revealed the existence of an APC1 ‘inhibitory’ helix that occupies the Cdc20-
interacting site on the APC/C and inhibits APC/C activation until entry in to mitosis (Zhang
et al., 2016). When Cdkl becomes active through its association with Cyclin B1 at the
beginning of mitosis, phosphorylation of APC3 and APCI1 allows for the displacement of
this APC1 ‘inhibitory’ helix from the Cdc20-interaction site and allowing the formation of
active APC/C-Cdc20 complexes responsible for the degradation of early APC/C mitotic
substrates. Conformational changes within the APC/C platform domain have also been
shown to occur following the association/dissociation of the MCC inhibitory complex
with/from the APC/C, revealing the importance of the APC/C platform in the overall
regulation of APC/C activity (Alfieri et al., 2016). APC15 helix dislocation has also been
reported to be critical during metaphase for the dissociation of the MCC complex from the

APC/C and for Cdc20 auto-ubiquitylation which is required to activate the APC/C after the
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SAC has been satisfied (Lara-Gonzalez et al., 2012, Sivakumar and Gorbsky, 2015, Reddy

et al., 2007, Kataria and Yamano, 2019, Mansfeld et al., 2011, Uzunova et al., 2012).

Interestingly, structural analysis of the APC/C in association with the SAC effector-MCC
complex has revealed that APCS5 conformational changes occur during mitosis
concomitantly with the switching of the APC/C structure into its active form (Alfieri et al.,
2016). As such, APCS stability and PTM during mitosis could participate to the complex
events aimed at regulating APC/C activity during mitosis. As such, the principal aim of this

Chapter was to begin to investigate the function, and regulation, of APC5 in mitosis.

3.2 APCS5 protein levels in mitosis

3.2.1 APCS levels are reduced following nocodazole release in RPE-1 cells

Previous unpublished data from our laboratory suggested that APC5 protein levels are
reduced during mitosis in HeLa cells. To validate these findings, we performed a
nocodazole-release experiment using RPE-1 cells synchronized in mitosis through treatment
with nocodazole, a spindle poison that, by impeding microtubule polymerization, activates
a SAC-dependent cellular mitotic arrest and accumulation of APC/C substrates, such as
Cyclin B1. Mitotically-arrested cells were collected by mechanical shake-off and released
from mitotic-block through withdrawal of nocodazole and harvested at different time-points
to track their progression and exit from mitosis. We then employed Western blotting
analyses to assess the protein levels of various APC/C subunits and substrates in

asynchronous cells and throughout mitosis (Fig. 3.1).
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Figure 3. 1: APCS protein levels are reduced during mitosis. Cell lysates from RPE-1
asynchronous cells (AS), nocodazole-arrested cells (Noco) and cells released from the
mitotic arrest at different time-points (1h, 2h, 4h and 6h) were harvested in UTB lysis buffer.
50ug of total protein was separated by SDS-PAGE, transferred to a nitrocellulose membrane
and the levels of various APC/C subunits, UbcH10 and APC/C mitotic substrates were
determined by Western blotting. The levels of B-actin were used as a loading control. This
data is representative of three individual experiments.

No significant alterations in the protein levels of the APC/C subunits APC4, APC7 and
APCS occurred during the time-course of the experiment (panel ii, iv and v, Fig. 3.1). A
predominant, higher molecular weight band of APC3 was observed in mitotically-arrested
cells compared to asynchronous cells, indicative of APC3 mitotic phosphorylation and well
known hallmark for mitosis, which was reduced as cells exited mitosis and re-entered G1

(panel i, Fig. 3.1). Nocodazole treatment also promoted the accumulation of the APC/C
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substrates, Cyclin B1, Plk1 and Geminin, relative to asynchronous cells, consistent with the
SAC-dependent inhibition of the APC/C during prometaphase (panel viii, ix and x, Fig. 3.1).
Upon SAC satisfaction following nocodazole withdrawal and activation of the APC/C-
Cdc20 complex, Cyclin B1 levels were reduced dramatically and was completely degraded
2h following nocodazole release, indicative of mitotic exit. Protein levels of the APC/C-
Cdhl late mitotic substrates, Pkl and Geminin, were also reduced following the release
from the mitotic arrest and completely disappeared after 6h (panel ix and x, Fig. 3.1). In
contrast, the protein levels of the SAC-insensitive APC/C substrates Nek2A and Cyclin A
were already very low in nocodazole-treated cells, due to their ability to bind directly to the
APC/C independently of the SAC activation status (panel vii and viii, Fig. 3.1). Interestingly,
APCS5 protein levels were also very low in mitotically-arrested cells compared to
asynchronous cells and they were not restored until 4h following nocodazole-release (panel
ii1, Fig. 3.1). As such, APCS5 protein levels appeared to mirror the pattern observed for the
APC/C SAC-insensitive substrates Nek2A and Cyclin A, suggesting that APC5 might be
degraded during the early stages of mitosis. Intriguingly, as APC5 protein levels started to
reappear 4h post-release which is concomitant with the disappearance of an APC/C-Cdc20
active complex, the alterations in the levels of APCS5 observed might suggest that APCS is
degraded during the early stage of mitosis in a SAC-independent APC/C-Cdc20-dependent
fashion. Interestingly, after 4h release the levels of the APC/C E2 enzyme UbcH10 were
also reduced compared to their levels in mitotically-arrested cells and the early stages of the
nocodazole withdrawal (panel xi, Fig. 3.1). Taken together, the results of this experiment
confirmed the previous findings from our laboratory suggesting that APCS5 protein levels are

reduced in mitosis.
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3.2.2 APCS levels are reduced independently of the SAC in mitosis

To investigate the timing of APCS5 protein loss further, we decided to synchronize RPE1 and
U20S cells at various stages of mitosis using different drugs. Cells were thus arrested at the
G2/M border by treatment with RO-3306, which by inhibiting Cdk1 activity mimics the
G2/M checkpoint normally triggered in response to DNA damage (Vassilev, 2006,
O’Connell et al., 2000). Cells were also arrested during the early stages of mitosis by
treatment with nocodazole, which as previously indicated causes cells to arrest during
prophase by impeding microtubule polymerization (Sec. 3.2.1). Mitotically-arrested cells
were also obtained by treatment with taxol, which by impeding microtubule de-
polymerization promotes cellular arrest throughout mitosis. Following these treatments, we
harvested and quantified protein cell lysates and subjected them to Western blotting analyses
to measure the levels APCS5, as well as the levels of APC3 and known APC/C substrates

Nek2A and Cyclin B1 (Fig. 3.2 A and B).
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Figure 3. 2: APCS levels are reduced in mitosis in a SAC-independent manner. Lysates
from Asynchronous (AS), G2/M-arrested (RO-3306) and mitotically-arrested (Noco/Taxol)
RPE-1 (A) and U20S (B) cells were harvested in UTB Lysis Buffer. 50ug of total protein
was separated by SDS-PAGE, transferred to a nitrocellulose membrane and the level of
various APC/C subunits and substrates were detected by Western blotting. The levels of -
actin were used as a loading control. These data are representative of three individual
experiments.
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Consistent with our previous findings, a higher molecular weight band corresponding to
phosphorylated APC3 appeared in mitotically-arrested cells, while in asynchronous and
G2/M-arrested cells the major band was represented by the faster migrating, un-
phosphorylated, form of APC3 (panel i, Fig. 3.2). For both cell lines the levels of Nek2A
were reduced dramatically in mitotically-arrested cells compared to asynchronous and
G2/M-arrested cells, consistent with its SAC-insensitive, APC/C-dependent, degradation
(panel iii, Fig. 3.2). APC5 protein levels were also reduced considerably in mitotically-
arrested cells compared to asynchronous cells, mimicking the destabilization pattern
observed for the SAC-insensitive APC/C substrate Nek2A (panel ii, Fig. 3.2). Interestingly,
no alterations in the levels of APC5 were observed in cells arrested at the G2/M border in
comparison to asynchronous cells, indicating that the apparent destabilization of APCS5
occurs specifically in mitosis (cf lane 1 and 2, panel ii, Fig. 3.2). Consistent with the SAC-
dependent inhibition of the APC/C during prophase in the presence of a disrupted spindle,
Cyclin B1 levels accumulated in mitotically-arrested cells compared to asynchronous and
G2/M-arrested cells (panel iv, Fig. 3.2). However, the protein levels of Cyclin B1 were lower
in taxol-treated U20S cells than in RPE-1 cells, which interestingly mirrors the levels of
APCS5 in taxol-arrested U20S cells, which could reflect the different sensitivities of these
cell lines to taxol treatment (cf panel iv, Fig. 3.2 A and B). Overall, these data suggest that
APCS protein levels are reduced specifically in mitosis. As such, our findings suggest that

APCS5 might be degraded early in mitosis, independently of the SAC.

3.2.3 APCS interaction with APC/C holoenzyme is ablated in mitosis

The data presented so far suggests that APCS might be degraded during mitosis in a manner
akin to the SAC-insensitive substrates, Nek2A and Cyclin A. However, as APC5 has been

shown previously to play various roles independent of the APC/C holoenzyme, we
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questioned whether the APC5 mitotic destabilization correlated positively the amount of
APCS present in the APC/C complex. To answer this question we conducted an APC3 co-
IP assay using RPE-1 and U20S cells synchronized with RO-3306, nocodazole or taxol (Fig.
3.3 A and B). Following cell cycle synchronization, cell lysates from RPE-1 and U20S were
incubated with an anti-APC3 specific antibody (a-APC3) or a control IgG (a-IgG) and
following antibody collection upon Protein G Sepharose and separation by SDS-PAGE,
Western blotting was employed to determine the levels of APCS5 association with APC3, and
hence the APC/C holoenzyme (panel iv, Fig. 3.3 A and B). For comparative purposes the

ability of APC3 to associate with other APC/C subunits and Cdc20 was also determined

73



A RPE-1 a-APC3 IP

a-1gG a-APC3 Lysate
<+ APC3
i — » ¥ <cdc20
ii L L X <+ APC4
iv - - - - <« APC5
v - aw e -aec
28 8 8 28 ¢ 3 238 8 %
o oz 8 m oz 2 w28
(@) o] (@]
o o o
B
U20S a-APC3 IP
a-lgG a-APC3 Lysate
. <+pAPC3
: <« APC3
i T . e e & < Cdc20
iv - - <« APC5
v SEmEm BewW a0
ww W 9 F v w 9o P w W o B
DT B I B
Q @] Q
o o oc

Figure 3. 3: APCS5 does not appear to be part of the APC/C holoenzyme during mitosis.
Lysates from Asynchronous (AS), G2/M-arrested (RO-3306) and mitotically-arrested
(Noco/Taxol) RPE-1 (A) and U20S (B) cells were obtained by incubation in NETN Lysis
Buffer. 1.4 mg of total protein from RPE-1 cells (A) and 1.2mg of total protein from U20S
cells (B) were incubated overnight at 4°C with an APC3 specific antibody (a-APC3) or with
normal mouse IgG (a-IgG) followed by 3h incubation at 4°C with Protein G Sepharose
beads. Immunoprecipitated proteins and 50ug of total protein lysate were separated by SDS-
PAGE, transferred to a nitrocellulose membrane and the levels of various APC/C subunits
and Cdc20 were detected by Western blotting. These data are representative of three
individual experiments.

As expected, the APC3-Cdc20 interaction occurred specifically in mitotically-arrested cells
and was not detected in asynchronous, or in G2/M-arrested cells (panel ii, Fig 3.3 A and B).

The ability of APC3 to interact with the APC/C subunits APC4 and APC7 was the same
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under each condition tested (panel iii and v, Fig. 3.3 A and B). In contrast, in both RPE-1
and U20S cell lines APCS5 interaction with APC3 appeared to be reduced substantially in
mitotically-arrested cells compared to asynchronous and G2/M-arrested cells (cf lane 5 and
6 with lane 7 and 8, panel iv, Fig. 3.3 A and B), suggesting that APC5 degradation is
responsible for its dissociation from the APC/C holoenzyme during the early stages of
mitosis. Overall, these results provide evidence that APC5 might be destabilized during
mitosis and suggest, therefore, that APC5 might not be required for the APC/C-Cdc20
activity during the early stages of mitosis. As such, APC5 mitotic destabilization might
represent a novel level of regulation of the APC/C holoenzyme occurring through direct

ablation of one of its platform domain subunits.

3.3 APCS as a potential APC/C substrate

Our data so far suggests that APC5 might be degraded early in mitosis in a similar manner
to APC/C SAC-insensitive substrates. As the APC/C is the major regulator of protein
stability during mitosis we reasoned that APC5 mitotic destabilization could be dependent

upon APC/C mitotic activity.

3.3.1 APCS protein sequence contains three conserved D-boxes

APC/C substrates are categorized by the presence of characteristic degron motifs within their
primary sequence, such as D-boxes and KEN boxes, which are responsible for their APC/C-
dependent degradation (Davey and Morgan, 2016). To consider the possibility that APCS5 is
an APC/C substrate, we performed an in silico analysis of the APCS5 protein sequence with
GPS-ARM 2.0, a software program that allows the detection of APC/C degrons (Liu et al.,

2012). Those analyses led to the identification of three highly conserved potential minimal

75



D-boxes at positions: 54-57, 96-99 and 280-283 within APC5’s primary sequence (Fig. 3.4

A and B).
A
Position Peptide Type
54-57 LME RRRL NQL D-box
96-99 VQI RIKL MAE D-box
280-283 YFD RLIL TGA D-box
B D-box 54-57 D-box 96-99 D-box 280-283
APC5_ HUMAN LMERRRLNQLLLPLLQGP SVQIRIKLMAEGELKDMEQ SLLHYFDRLILTGAESKSNG
APC5_MOUSE LVERRKLNQLLLPLLQGP SVQIRIKLMAEGELKDMEQ SLLHYFDRLILTGAEGKSNG
APC5_RAT LVERRKLNQLLLPLLQGP SVQIRIKLMAEGELKDLEQ SLLHYFDRLILTGAEGKSNG
Q7ZVQ0_DANRE LLDRRRLNKLILPLQQGP AVKLRLFLMADGELQDMEH SLLHYFDRLILSGAEGKSNG
QO0TH16 XENLA LVEKRRLNKQILPLLQGP SVHIRIKLMAEGELKDMEQ SLLHYFDRLILTGAESKSNG
Q8TA45 DROME TQRRRMFYMLVFKLIQEQ AL--———- FDFSEIQNI-- ALHRALDRSPVRL----MS-
APC5 YEAST TA---VFLRLISPTRPSL ALTLMGYLEAINGLDSINR SLHNYFDYKSTGN---————
APC5 SCHPO —-—-—- PFLDLVLGYFNPN LL--HERLWSLHSFEDIHE NLCRYFDHIMHSD------—

Figure 3. 4: APCS primary sequence contains three D-boxes. (A) Identification of APC5
D-boxes by GPS-Arm 2.0. (B) Clustal Omega multiple alignment of APC5 showing the
conservation of the three D-boxes amongst different species.

3.3.2 APCS protein levels are destabilized following Cdc20 overexpression

To ascertain a requirement for the APC/C in the potential mitotic destabilization of APCS5,
we decided to employ a U20S FRT Doxycycline-inducible clonal cell line overexpressing
FLAG-Cdc20 that was developed during the course of these studies (see Sec. 2.1.3, Chapter
2). Overexpression of the APC/C coactivator Cdc20 has been shown to be responsible for
APC/C hyperactivation, premature degradation of APC/C substrates and uncontrolled
progression through mitosis in many cancer types (Lehman et al., 2007, Wang et al., 2018,
Wu et al., 2019). For our purposes we performed a nocodazole-release experiment (Fig. 3.5)
either in presence (+ 200pg/ml Dox) or absence (-Dox) of overexpressed FLAG-Cdc20 and
employed Western blotting to determine the levels of APCS5, as well as other APC/C subunits

and substrates (Fig. 3.5).
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Figure 3. 5: Effects of Cdc20 overexpression on APCS protein levels. Cell lysates from
FLAG-Cdc20 U20S FRT asynchronous cells (AS), nocodazole-arrested cells (Noco) and
cells released from the mitotic arrest at different time points (1h, 2h, 4h and 6h) both in
presence (+Dox) or absence (-Dox) of Doxycycline, and harvested in UTB Lysis Buffer.
50ug of total protein was separated by SDS-PAGE, transferred to a nitrocellulose membrane
and the levels of various APC/C subunits, UbcH10, Cdc20 and APC/C mitotic substrates
were determined by Western blotting. The levels of B-actin were used as a loading control.
These data are representative of three individual experiments.

As expected, the results of this experiment showed that Cdc20 overexpression strongly
affected APC/C activation causing premature degradation of Cyclin B1 and UbcH10
proteins in asynchronous cells, compared to control cells (panel iv and v, Fig. 3.5). However,
no significant differences where observed in the levels of Nek2A under the same conditions,
possibly because Nek2 A might require appropriate PTM to be degraded (panel iii, Fig. 3.5).
Interestingly, APCS5 levels were reduced in the presence of overexpressed FLAG-Cdc20 in
the nocodazole-release experiment, notably at late-times post-release, suggesting that APC5

could be an APC/C substrate at late times in mitosis, or in G1 (panel ii, Fig. 3.5).
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To evaluate further the requirement for APC/C in the degradation of APCS, we performed
Western blotting analyses to check the level of APC5 and other APC/C substrates using the
FLAG-Cdc20 U20S FRT Doxycycline-inducible cell line synchronized with RO-3306,
nocodazole or taxol, either in the presence, or absence of Dox (Fig. 3.6). Cdc20
overexpression was shown to promote the degradation of well-known APC/C substrates
such as Cyclin B1 and Cyclin A in asynchronous and G2/M-arrested cells compared to
control cells, without altering the levels of Nek2A (panel iii, iv and v, Fig. 3.6). Likewise,
APCS5 levels were reduced following Cdc20 overexpression in all synchronization
conditions tested, suggesting a role for the APC/C-Cdc20 complex in its degradation (panel

ii, Fig. 3.6).
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Figure 3. 6: Effects of Cdc20 overexpression on APC5 protein levels. Lysates from
asynchronous (AS), G2/M-arrested (RO-3306) and mitotic-arrested (Noco/Taxol) FLAG-
Cdc20 U20S FRT cells either in presence (+Dox) or absence (-Dox) of Doxycycline were
harvested in UTB Lysis Buffer. 50ug of total protein was separated by SDS-PAGE,
transferred to a nitrocellulose membrane and the level of various APC/C subunits, Cdc20
and substrates were determined by Western blotting. The levels of B-actin were used as a
loading control. These data are representative of three individual experiments.
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The results obtained thus far suggest that APC/C-Cdc20 might have a role in the degradation
of APCS. If so, APCS5 degradation in mitosis would represent an auto-regulatory mechanism

through which APC/C E3 ligase activity could be fine-tuned during mitosis and G1.

3.4 Generation of Doxycycline inducible FLAG-APC5 WT U20S FRT cell lines

To investigate further the levels of the APCS5 protein in mitosis and validate our previous
findings, we generated a number of clonal, Doxycycline-inducible, FLAG- APC5 WT U20S
FRT cell lines (Fig. 3.7). First, we co-transfected U20S FRT cells with a pcDNAS5 FRT-
FLAG-APCS WT together with the pOG44 vector, which express for the Flp recombinase.
This allowed for the stable integration of the recombinant gene in the U20S FRT cells
genome within a FLP Recombination Target (FRT) under the control of a hybrid, human
cytomegalovirus (CMV)/TetO, promoter responsive to Doxycycline (Dox). Efficient
integration of the recombinant gene also allowed for constitutive expression of a
Hygromycin-resistance gene, which we used to select clones which had integrated FLAG-
APCS into the recombination site. FLAG-APC5 WT efficiently transfected cells that
produced individual colonies in the presence of Hygromycin (200pug/ml) were isolated to

generate clonal cell lines (see Sec. 2.1.3, Chapter 2).

3.4.1 FLAG-APC5 U20S FRT cell lines efficiently express FLAG-APCS protein following
Doxycycline induction

We tested the ability of the clonal cell lines to express FLAG-APCS WT in the presence of
Doxycycline (Dox; 200 pg/ml) by Western blotting using a specific antibody directed

toward the FLAG-Tag of the recombinant protein (Fig. 3.7).
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Figure 3. 7: Expression of wild-type (WT) FLAG-Apc5 in U20S cells treated with
doxycycline. Lysates from non-induced (Dox-) and doxycycline-induced (Dox+) FLAG-
APC5 WT U20S FRT clones were harvested in UTB lysis buffer. 50pug of total protein was
separated by SDS-PAGE, transferred to a nitrocellulose membrane and the level of FLAG-
APCS5 was detected using an a-FLAG specific antibody by Western blotting. The levels of
B-actin were used as a loading control.

The results obtained indicated that most of the U20S FRT cell lines generated expressed
FLAG-APCS WT following Dox treatment, although some of the cell lines showed low level
leakage of FLAG-APCS WT expression in the absence of Dox. We subsequently selected
clone 13 (FLAG-APC5 WT U20S FRT #13) for experiments going forward, as FLAG-
APC5 WT protein levels were good following Dox induction, with minimal FLAG-APC5

WT expression in the absence of Dox (lane 19 and 20, panel i, Fig. 3.7).

3.4.2 FLAG-APC5 WT protein levels are not destabilized during mitosis
To investigate whether the FLAG-APCS5 WT recombinant gene product behaved as

endogenous APCS5, we decided to look at the level of the FLAG-APCS protein under
different synchronization conditions. We therefore compared FLAG-APCS protein levels in

asynchronous, G2/M and mitotically-arrested cells (Fig. 3.8 A).
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Figure 3. 8: FLAG-APCS WT levels do not change during mitosis. (A) Lysates from
asynchronous (AS), G2/M-arrested (RO-3306) and mitotically-arrested (Noco/Taxol)
FLAG-APCS5 WT U20S FRT Clone 13 (#13) doxycycline-induced cells were harvested in
UTB lysis buffer. (B) Cell lysates from FLAG-APCS5 WT Flp-in U20S Clone 13 (#13)
doxycycline-induced asynchronous cells (AS), nocodazole-arrested cells (Noco) and cells
released from the mitotic arrest at different time points (1h, 2h, 4h and 6h) were harvested
by treatment with UTB lysis buffer. In both experiments 50ug of total protein was separated
by SDS-PAGE, transferred to a nitrocellulose membrane and the level of FLAG-APCS was
detected with an a-FLAG specific antibody by Western blotting together with APC3 and
some APC/C well-known mitotic substrates. The levels of B-actin were used as a loading
control. These data presented is representative of three individual experiments.

In contrast to the findings with the APC5 monoclonal antibody (mAb), Western blot analysis
suggested that FLAG-APCS5 WT protein levels were not altered during mitosis relative to
interphase cells and G2/M-arrested cells (panel i1, Fig. 3.8 A). Likewise, when we performed
a nocodazole-release experiment using the FLAG-APCS5 WT U20S FRT cells, Western blot
analyses revealed that FLAG-APCS protein levels were not altered in mitosis or following
nocodazole withdrawal (panel ii, Fig. 3.8 B). As the results obtained from our FLAG-APC5
WT U20S FRT cells failed to recapitulate the destabilization of endogenous APCS5 in
mitosis observed in RPE-1 cells, we started to reason whether the alterations in the levels of
APCS5 were to be attributable to other factors. Interestingly, one obvious crucial difference

in the experiments performed with endogenous APC5 and those performed with FLAG-
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APCS was the use of different antibodies to detect APCS5 levels by Western blot. In fact, in
all experiments conducted using RPE-1 and U20S cells endogenous APCS levels in mitosis
were detected using an a-APC5 mAb developed in-house, which showed destabilization of
the protein. On the other hand, FLAG-APCS5 WT protein levels were detected in Western
blotting using an antibody directed toward the FLAG-Tag of APC5, which revealed no
alterations in the level of the recombinant FLAG-APCS5 species in mitosis. As the two
antibodies bind to different epitopes they show completely different results for APCS levels
during mitosis, we speculated that the APC5 mAb’s binding affinity for its epitope might be

different in mitosis and interphase.

3.5 PTM masks the APC5 epitope in mitosis

PTMs occurring on proteins can alter their function, localization and stability, as well as
affect their interaction with other proteins (Pickart and Eddins, 2004). Interestingly PTMs,
such as phosphorylation, acetylation and ubiquitylation, are crucial in the fine-tuning of cell
division and in the regulation of APC/C activity (Kraft et al., 2003, Kataria and Yamano,
2019, Alfieri et al., 2017). Given their strong impact in such processes, we questioned
whether the differences observed in the a-APC5 mAb binding affinity was due to PTMs

occurring in the APCS5 epitope during mitosis.

3.5.1 a-APC5 antibody screening

Although our initial results suggested that endogenous APCS5 was degraded early in mitosis,
potentially in an APC/C-dependent manner, the evidence obtained with the FLAG-APC5
WT U20S FRT cell lines indicated that the level of the FLAG-APCS5 species in mitosis
remained unaltered relative to asynchronous cells, which were predominantly in interphase

(Fig. 3.8). These results led to the hypothesis that the APC5 epitope recognized by our APC5
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mADb might be masked in mitosis. For this reason, we conducted antibody screening to test
the ability of various a-APC5 mAbs produced in our laboratory to recognize APCS5 in

asynchronous and mitotically-arrested RPE-1 and HeLa cells (Fig. 3.9).
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Figure 3. 9: a-APC5 mAbs do not recognize APCS5 in mitosis. Lysates from asynchronous
(AS) and mitotically-arrested (Noco/Taxol) RPE-1 and HeLa cells were harvested in UTB
lysis buffer. 50ug of total protein was separated by SDS-PAGE, transferred to a
nitrocellulose membrane and the levels of APC5 were detected with various a-APC5 mAbs
(#4, #10, #22, #38) and with a polyclonal a-APC5 antibody (#229, Bethyl) by Western
blotting. The levels of B-actin were used as a loading control. These data are representative
of three individual experiments.

Interestingly, for both cell lines the results of this experiment revealed that all of the a-APC5
mAbs tested, and routinely used in the laboratory, APCS5 protein levels were apparently
reduced in mitosis compared to asynchronous conditions (panel i, ii, iii and iv, Fig. 3.9). To
measure APCS levels in mitosis further we purchased an a-APCS5 polyclonal antibody from
Bethyl Labs. The polyclonal a-APC5 antibody, akin to the a-FLAG specific antibody,
determined that APC5 protein levels were not reduced in mitosis (panel v, Fig. 3.9).
Remarkably, even though the mAbs used to detect APC5 were produced through
immunization of the animal against the full-length APCS5 protein, the antibody screening
results suggest that all the a-APCS5 mAbs bind to the same epitope, which might be masked

during mitosis.
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3.5.2 APCS5 is phosphorylated in mitosis

As phosphorylation of multiple APC/C subunits, including APC1 and APC3, has been
shown to be indispensable for the activation of the APC/C-Cdc20 complex (Qiao et al., 2016,
Zhang et al., 2016, Golan et al., 2002), we reasoned that APC5 might similarly be
phosphorylated in mitosis. Therefore, to address the hypothesis that PTM masks the APC5
epitope in mitosis, we decided to perform a A-Phosphatase (APPase) assay. To do this, we
co-immunoprecipitated APC5 with an a-APC7 specific antibody from asynchronous and
mitotically-arrested RPE-1 cells under non-denaturing conditions and we analysed its

protein levels by Western blotting using the a-APC5 mAb, #4 prior to, and after, APPase

treatment (Fig. 3.10).
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Figure 3. 10: APCS is phosphorylated in mitosis. Lysates from asynchronous (AS) and
mitotically-arrested (Noco/Taxol) RPE-1 cells were harvested in APC/C lysis buffer. 0.6 mg
of total protein was incubated overnight at 4°C with an APC7 (a-APC?7) polyclonal antibody
or with normal rabbit IgG (a-IgG), followed by 3h incubation at 4°C with Protein G
Sepharose beads (20ul packed). Following IP, beads were incubated for 1h at 30°C in the
presence or absence of A-Phosphatase. IPs, together with 50pg of total protein lysate was
separated by SDS-PAGE, transferred to a nitrocellulose membrane and the levels of APC5

and APC7 were detected by Western Blotting. This data is representative of three individual
experiments.

The results of this experiment revealed that there were no differences in APCS protein levels

in asynchronous cells treated with APPase (cf lane 4 and 5, panel ii, Fig. 3.10). On the
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contrary, APPase treatment completely restored APCS5 level in mitosis compared to non-
treated samples protein (cf lane 6+7 and 8+9, panel ii, Fig. 3.10). Together, these data
confirmed our hypothesis that PTM in mitosis masks the a-APC5 mAb epitope, and
suggests, moreover, that APC5 is phosphorylated in mitosis and that the a-APC5 mAbs do

not bind to this post-translationally modified form of APCS.

3.6 Investigating the dynamics of APC5 phosphorylation

Results presented so far have determined that APCS5 is phosphorylated early in mitosis and
this PTM is lost as cells exit mitosis and proceed into G1. As such, we found that a-APC5
mAbs are unable to bind their epitope on APC5 when it is phosphorylated in mitosis. We
therefore decided to exploit the change in the binding affinity of the APC5 mAbs to study
the dynamics of APC5 phosphorylation/dephosphorylation in mitosis and understand its

physiological effects on the APC/C holoenzyme.

3.6.1 Weakening the SAC promotes APC5 de-phosphorylation

APC/C mitotic activity is tightly regulated. The premature activation of the APC/C in
prometaphase is inhibited by the SAC that targets and inhibits the co-activator Cdc20 and
blocks the formation of an active APC/C-Cdc20 complex until all chromosomes are attached
to the spindle in a bi-oriented manner and ready to undergo segregation in anaphase (Lara-

Gonzalez et al., 2012, Musacchio, 2015, Musacchio and Salmon, 2007).

As the timing of APC5 phosphorylation overlaps with the SAC-dependent inhibition of the
APC/C, we questioned whether this phosphorylation event was directly due to SAC
activation. To study this possibility, we treated mitotically-arrested RPE-1 cells, obtained by
treatment with nocodazole, with the SAC inhibitor Reversine, a drug commonly used to

weaken the SAC by inhibiting the SAC-signalling protein Mps1 (Santaguida et al., 2010,
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Lara-Gonzalez et al., 2012). Cells were therefore harvested at different time points post-
Reversine treatment (30°, 1h, 2h, 3h, 4h, 5h and 6h) and Western blotting analysis was
employed to compare the levels of various APC/C substrates and the phosphorylation status
of APC3 and APCS in asynchronous, mitotically-arrested cells and during the Reversine-

dependent inhibition of the SAC (Fig. 3.11).
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Figure 3. 11: Disruption of the SAC in the presence of nocodazole promotes APC5 de-
phosphorylation. Lysates from asynchronous (AS), mitotically-arrested cells (Mit) and
cells treated with 250nM of Reversine in the presence of 10uM nocodazole harvested at
different time (30°, 1h, 2h, 3h, 4h, 5h and 6h) were harvested in UTB lysis buffer. 50pug of
total protein was separated by SDS-PAGE, transferred to a nitrocellulose membrane and the
levels of APC5 were detected with an a-APC5 mAb (#4). The levels of APC3, CycB1 and
Plk1 were used as a control for APC/C activity, whereas the levels of Bubl were used as a
control for the SAC activation status. The levels of B-actin were used as a loading control.
This data is representative of three individual experiments.

As expected, nocodazole treatment of RPE-1 cells caused the accumulation of APC/C
substrates Cyclin B1 and Plkl compared to asynchronous cells, as a consequence of the
disruption of the mitotic spindle which triggers mitotic arrest (cf lane 142, panel iii and iv,

Fig. 3.11). Under the same conditions, the protein levels of Bubl, a well-established
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component of the SAC signalling pathway, as well as an APC/C substrate, appeared to be
reduced in mitotically-arrested cells compared to asynchronous conditions, as a consequence
of the mitotic arrest imposed by the treatment with nocodazole (cf lane 1+2, panel v, Fig.
3.11). As expected, concomitant treatment with Reversine caused SAC satisfaction
regardless of the disruption of the spindle. As such, SAC-dependent inhibition was
overridden causing premature degradation of the APC/C substrates Cyclin B1, Plk1 and
Bubl, especially at late times post-treatment compared to mitotically-arrested cells not
treated with Reversine (cf lane 3, 4, 5, 6, 7, 8, 9 with lane 2, panel iii, iv and v, Fig. 3.11).
Likewise, the high molecular weight APC3 band, corresponding to the mitotic
phosphorylated form was markedly increased in mitotically-arrested cells treated with
nocodazole alone compared to asynchronous cells (cf lane 1 and 2, panel i, Fig. 3.11). As a
consequence of Reversine treatment, APC3 phosphorylation was reduced significantly 3h
post-treatment compared to cells only treated with nocodazole, confirming that Reversine
stimulated mitotic progression (panel i, Fig. 3.11). Interestingly, while the APC5 band
disappeared in mitotically-arrested cells compared to interphase cells, as a consequence of
its phosphorylation, treatment with Reversine caused a reduction in APC5 phosphorylation
at the early stages of the time course followed by a complete loss of phosphorylation as cells

progressed through mitosis (panel ii, Fig. 3.11).

To expand upon these observations, we repeated the experiment, but, this time induced
mitotic arrest with taxol. As such, mitotically-arrested RPE-1 cells obtained by treatment
with taxol were isolated by mechanical shake-off, treated with Reversine and harvested at
different time points (30°, 1h, 2h, 3h, 4h, 5h and 6h). As before, Western blot analysis was
performed to look at the levels of various APC/C substrates and at the phosphorylation status

of APC3 and APCS (Fig. 3.12).
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Figure 3. 12: Disruption of the SAC in the presence of taxol reduces APCS
phosphorylation. Lysates from asynchronous (AS), mitotically-arrested cells (Mit) and
cells treated with 250nM of Reversine in the presence of 10uM Taxol harvested at different
time (30°, 1h, 2h, 3h, 4h, 5Sh and 6h) were harvested in UTB lysis buffer. 50ug of total protein
was separated by SDS-PAGE, transferred to a nitrocellulose membrane and the levels of
APCS were detected with an a-APC5 mAb (#4). The level of APC3, CycB1 and Plk1 were
used as a control for APC/C activity, whereas the levels of Bubl were used as a control for
the SAC activation status. The levels of B-actin were used as a loading control. This data is
representative of three individual experiments.

Western blot analyses revealed that activation of the SAC in response to taxol treatment
caused the accumulation of the APC/C substrates Cyclin B1, Plk1 and Bubl, as well as the
appearance of the high molecular weight APC3 species, relative to asynchronous cells (panel
i, iii, iv and v, Fig. 3.12). As seen previously, Reversine treatment of mitotically-arrested
cells triggered the activation of the APC/C-Cdc20 complex and the consequent degradation
of the APC/C substrates Cyclin B, Plkl and Bubl (panel iii, iv and v Fig. 3.12).
Interestingly, as taxol treatment arrests cells throughout mitosis compared to nocodazole,
which arrests cells is prophase, the degradation of APC/C substrates was faster, with
complete loss of Bub1 and Cyclin B1 after 1h post-Reversine treatment (panel iii and v, Fig.

3.12). PIk1 levels were also reduced at a faster rate in Reversine-treated taxol cells, compared

88



to Reversine-treated nocodazole cells (cf panel iv Fig. 3.11 and Fig. 3.12). Reversine
treatment also promoted APCS5 de-phosphorylation, as confirmed by the increase of APC5
levels 2h post-Reversine treatment (panel ii, Fig. 3.12). Interestingly, whilst Reversine
promoted the dephosphorylation of APC5 more gradually in cells treated with nocodazole,
Reversine caused a more drastic loss of APC5 phosphorylation in taxol-treated cells, with
complete recovery of the interphase levels of APC5 2h following Reversine addition (cf

panel ii, Fig. 3.11 and 3.12).

Taken together, the results of these experiments revealed that weakening the SAC correlates
positively with the loss of APC5 mitotic phosphorylation, suggesting a potential direct
involvement of the SAC in the phosphorylation of APC5 during mitosis. However, as
Reversine treatment of mitotically-arrested cells obtained with either nocodazole or taxol
caused cells to escape mitosis regardless the disruption of the mitotic spindle, it is not
possible to establish whether the loss of APC5 phosphorylation is a direct consequence of
weakening the SAC, or is instead due to cells progressing from mitosis to G1. Moreover, as
APC5 de-phosphorylation occurs more quickly when cells were arrested with taxol
compared to nocodazole, these data suggest that APC5 de-phosphorylation might be due to

mitotic exit rather than to a direct effect of the SAC (cf panel ii, Fig. 3.11 and 3.12).

3.6.2 26S proteasome inhibition sustains APC5 mitotic phosphorylation

Our data so far indicates that APCS5 de-phosphorylation occurs as cells exit mitosis and
progress towards G1, suggesting that APC5 phosphorylation occurs specifically during
mitosis (Fig. 3.1). We also found that inhibiting the SAC with Reversine promotes APC5
de-phosphorylation indicating a potential role for the SAC in phosphorylating APCS during

mitosis (panel ii, Fig. 3.11 and 3.12). However, Reversine treatment also causes cells to
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escape mitosis and enter Gl, leaving the possibility that the loss of APCS5 mitotic
phosphorylation following Reversine-treatment might be due to normal mitotic progression
and exit rather than to the SAC inhibition. As mitotic exit is normally driven by the 26S
proteasome-mediated degradation of ubiquitylated substrates, mainly produced though the
E3-ubiquitin activity of the APC/C (Peters, 2006, Sivakumar and Gorbsky, 2015, Pray et al.,
2002, Mocciaro and Rape, 2012), we reasoned that we could establish the role for the SAC
on APCS5 phosphorylation by impeding mitotic cell exit using the 26S proteasome inhibitor,

MG132 (Potapova et al., 2006).

Therefore, we repeated the Reversine treatment of nocodazole-arrested cells in the presence
of MG132, which blocks mitotic progression even when the SAC is overridden by
Reversine. For this experiment, we isolated mitotically-arrested RPE-1 cells obtained by
treatment with nocodazole and treated them either with Reversine only, or with Reversine
and MG132, for 2h and 4h. Following these treatments the levels of various APC/C mitotic
substrates and the phosphorylation status of APC3 and APCS5 were analysed by Western
blotting, and compared to their levels in asynchronous conditions or in cells treated with

nocodazole alone (Fig. 3.13).
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Figure 3. 13: APCS5 phosphorylation is maintained when the 26S proteasome is inhibited
following SAC satisfaction by Reversine. Lysates from asynchronous (AS), mitotically-
arrested cells (lane 2), mitotically-arrested cells treated with 250nM Reversine for 2h and 4h
(lane 3 and 5) and mitotically-arrested cells treated with 10 uM MG132 and 250nM
Reversine for 2h and 4h (lane 4 and 6) were harvested in UTB lysis buffer. 50ug of total
protein was separated by SDS-PAGE, transferred to a nitrocellulose membrane. The
phosphorylation status of APCS5 was detected by the inability of the a-APC5 mAb #4 to bind
its epitope when phosphorylated. The level of APC3, CycB1 and Plkl were used as a
controls for APC/C activity, whereas the levels of Bubl were used as a control for the SAC
activation status. The levels of P-actin were used as a loading control. This data is
representative of three individual experiments.

Consistent with our previous findings, treatment of nocodazole-arrested cells with Reversine
caused cells to escape mitosis with an appropriate reduction in the levels of Cyclin B1, Plk1
and Bubl compared to cells treated with nocodazole alone (panel iii, iv and v, Fig. 3.13).
Accordingly, phosphorylation of APC3 was reduced markedly following Reversine
treatment (panel 1, Fig. 3.13). However, concomitant treatment of nocodazole-arrested cells
with Reversine and MG132 for 2 and 4 hours caused cells to stall in mitosis, as demonstrated
by the restoration in the levels of Cyclin B1, Plk1 and Bub1 which were comparable to those
observed in mitotically-arrested cells (panel iii, iv and v, Fig. 3.13). Similarly, the mitotic
APC3 phosphorylation status was restored when Reversine-treated cells were incubated with

MG132, confirming that in the presence of MG132 Reversine could not promote mitotic exit
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(panel i, Fig. 3.13). No differences were observed in APC5 phosphorylation status following
2h Reversine treatment either in the presence or absence of MG132 (panel ii, Fig. 3.13).
Interestingly however, whilst 4h treatment with Reversine alone caused the complete loss of
APC5 phosphorylation, APC5 phosphorylation was maintained to some extent when
Reversine-treated cells were also treated with MG132 (panel ii, Fig. 3.13), suggesting that

APCS5 phosphorylation is not dependent on an active SAC.

To confirm these data, we decided to look at the phosphorylation status of APC5 in RPE-1
cells released from mitotic arrest in the presence of MG132, to see whether 26S proteasome
inhibition could alone, maintain APCS5 phosphorylation status. To do this, we synchronized
cells in mitosis by treatment with nocodazole and released them from mitotic arrest either in
the presence or absence of MG132 (Fig. 3.14). Cells were harvested at different time points
and Western blotting analyses were performed to evaluate the phosphorylation status of
APCS and the levels of various substrates known to be targeted for degradation in mitosis

by the APC/C (Fig. 3.14).
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Figure 3. 14: Blocking mitotic progression through 26S proteasome inhibition
maintains APCS phosphorylation status. Cell lysates from asynchronous RPE-1 cells
(AS), nocodazole-arrested cells (Noco) and cells released from the mitotic arrest at different
time-points (1h, 2h, 4h and 6h) were harvested in UTB lysis buffer. 50ug of total protein
was separated by SDS-PAGE, transferred to a nitrocellulose membrane and the levels of
various APC/C subunits, UbcH10 and APC/C mitotic substrates were determined by
Western blotting. The levels of B-actin were used as a loading control. This data is
representative of three individual experiments.

As expected, releasing mitotically-arrested cells in the presence of MG132 prevented them
from exiting mitosis, as indicated by the accumulation of the known APC/C substrates
Cyclin B1, Plk1 and Bubl relative to cells released in the absence of MG132 (panel iii, iv
and v, Fig. 3.14). Accordingly, APC3 remained phosphorylated in cells released from the
mitotic block in the presence of MG132, whilst APC3 from cells released in the absence of
MG132 was not phosphorylated (panel i, Fig. 3.14). Interestingly, APC5 was de-
phosphorylated following nocodazole withdrawal in the absence of MG132 compared to
mitotically-arrested cells, whilst APC5 phosphorylation was maintained when cells were

released in to medium containing MG132 (cf lane 3+4 and 5+6, panel ii, Fig. 3.14).

Overall, the results of our experiments indicate that APCS5 is phosphorylated by a mitotic

kinase by a mechanism that is largely independent of SAC activity. Indeed, APCS is de-

93



phosphorylated as cells progress through mitosis in the presence of a weakened SAC (Fig.
3.11 and 3.12), whilst APCS phosphorylation is maintained when cells are stalled in mitosis
through inhibition of the 26S proteasome (Fig. 3.14). Taken together, these results suggest
that APC5 phosphorylation is temporally coordinated in mitosis. As such, we hypothesize

that the phosphorylation of APC5 in mitosis might regulate APC/C activity.

3.6.3 APC5 phosphorylation status is not affected by genotoxic stress

Apart from its role in the control of mitotic progression, the APC/C has been found to play
a central role in cellular checkpoint activation in response to DNA damage. In fact, genotoxic
stress caused by either chemical or physical agents, can trigger APC/C-Cdh1 activation in
G2 phase to promote Plk1 degradation, the stabilization of Claspin and the Claspin-mediated
activation of Chkl (Stracker et al., 2009). As our data suggested that APCS5 is
phosphorylated in mitosis when the APC/C is active, we questioned whether APCS5 could be
phosphorylated when the APC/C is re-activated during G2 phase in response to DNA

damage.

To evaluate this possibility we subjected RPE-1 cells to DNA damage through a series of
DNA damage-inducing treatments and investigated the phosphorylation status of APCS.
Specifically, we treated cells with UV ionization, 5-Fluor-Uracil (5-FU), or Carbo-Pt and
employed Western blot analysis to determine whether genotoxic stress affected APC5

phosphorylation status (Fig. 3.15 A, B and C).

94



UV 25J/m?

B RPE-1

i @ "% a9 o» ap <« APCS
i - GDEDE® o8 . ArC7
i e W . ps53
v GDEDEPDEPE@® <« B-actin

L T L LR
i oD B9 8 W < APC7
i "+ o800 00 09 . ps3

v GIDEPEDEDED < Bactin

Figure 3. 15: APCS phosphorylation is not induced by DNA damage. (A) Cell lysates
from UV-treated (25J/m?), (B) 5-FU-treared (50pg/ml) and (C) Carbo-Pt-treated (16h post-
treatment) RPE-1 cells were harvested in UTB lysis buffer. 50ug of total protein was
separated by SDS-PAGE, transferred to a nitrocellulose membrane and the levels of APCS5,
APC7 and p53 were determined by Western blotting. The levels of B-actin were used as a
loading control. This data is representative of three individual experiments.

Consistent with DNA damage all the treatments performed were able to cause increases in

the protein levels of p5S3 compared to untreated cells (panel iii, Fig. 3.15 A, B and C). Despite
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this, DNA damage did not affect the phosphorylation status of APCS5 (panel i, Fig. 3.15 A,
B and C). These data suggest that APCS phosphorylation upon the residue recognized by
our a-APC5 mAbs are restricted to mitosis and it is not affected by DNA damage.
Interestingly however, a higher molecular weight band, which might correspond to a
phosphorylated APC7 species, was observed in these experiments and it seemed particularly
high following 5-FU treatment, suggesting that the cellular response induced by this
genotoxic agent might have a potential role on the regulation of APC7 (panel ii, Fig. 3.15 A,

B and C).

3.7 Identification of the mitotic kinase responsible for APC5 phosphorylation

Mitotic kinases such as Cdk1, Plk1l and Aurora A and B are key in the regulation of many
events during mitosis, including the regulation of the SAC and the activity of the APC/C
(Carmena et al., 2009, Nigg, 2001, Cuijpers and Vertegaal, 2018, Golan et al., 2002). As
cells progress through mitosis towards G1 the activity of these mitotic kinases is no longer
required and cells inactivate these pathways in order to complete mitosis. In this context,
APC/C E3 ligase activity is critical in many ways. For instance, once all chromosomes are
aligned to the mitotic spindle in metaphase and the SAC is satisfied, the APC/C inactivates
Cdkl by orchestrating the proteasomal degradation of Cyclin B1, allowing for mitotic
exit(Sivakumar and Gorbsky, 2015). Similarly, Plkl and Aurora A are degraded by the
APC/C-Cdhl active complex following anaphase onset and during the later stages of
mitosis, and this has been reported to be critical for mitotic exit and for cytokinesis (Lindon
and Pines, 2004, Ma and Poon, 2011). On the other hand, Aurora B kinase remains active
until cytokinesis, as its activity seems to be required for a proper separation of cells after
mitosis through its phosphorylation of the Nuclear distribution protein ¢ (NudC)

(Weiderhold et al., 2016).
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The data presented thus far suggests that APC5 phosphorylation occurs specifically during
mitosis and that it is reduced as cells progress through, and exit mitosis (Fig. 3.1, 3.2 and
3.10). We have also determined that APC5 phosphorylation is linked directly to the 26S
proteasome-mediated degradation of mitotic substrates and, therefore, to the activation status
of the APC/C (Fig. 3.14). Given these findings, we reasoned that APC5 phosphorylation
might be regulated by mitotic kinases, such as Cyclin B1-Cdkl and Plk1 that are also
degraded in an APC/C-dependent manner (Clute and Pines, 1999, Lindon and Pines, 2004).
To identify the mitotic kinase/s responsible for APC5 mitotic phosphorylation, we
investigated the effect of mitotic kinases inhibition upon the phosphorylation status of APC5

1n mitosis.

3.7.1 Cdk1 inhibition in mitosis prevents APC5 phosphorylation

To investigate the involvement of Cyclin B1-Cdkl in the phosphorylation of APCS in
mitosis, we employed the well-known specific Cdkl inhibitor, RO-3306. However, as
treatment of mitotically-arrested cells with RO-3306 has been shown previously to cause
mitotic slippage (Chan et al., 2008), we also treated cells with the 26S proteasome inhibitor,
MG132, to arrest cells in mitosis so that we could look at the direct effect of Cdk1 inhibition
on the phosphorylation status of APCS5 in mitosis. As such, RPE-1 cells were synchronized
in mitosis by treatment with nocodazole. Mitotically-arrested cells were then isolated by
mechanical shake-off and treated either with the Cdkl inhibitor RO-3306 alone or in the
presence of both the 26S proteasome inhibitor, MG132 and nocodazole, and harvested after
2h and 4h post-RO-3306 treatment. We then carried out Western blot analysis to look at the
effect of Cdk1 inhibition on the levels of various APC/C substrates, such as Cyclin B1, Plk1

and Bub1 and the phosphorylation status of APC3 and APCS5 (Fig. 3.16).
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Figure 3. 16: Cdk1 inhibition attenuates APCS phosphorylation in nocodazole-arrested
cells. Lysates from asynchronous (AS), mitotically-arrested cells (lane 2 and 5), mitotically-
arrested cells treated with 9uM RO-3306 for 2h and 4h (lane 3 and 6) and mitotically-
arrested cells treated with 9uM RO-3306 and 10uM MG132 for 2h and 4h (lane 4 and 7)
were harvested in UTB lysis buffer. 50ug of total protein was separated by SDS-PAGE,
transferred to a nitrocellulose membrane (PALL). The phosphorylation status of APC5 was
detected by the inability of the a-APC5 mAb #4 to bind its epitope when phosphorylated.
The phosphorylation status of APC3 was used either as a control for the mitotic arrest and
as a control for Cdk1 inhibition. pH3 Ser10 was used as a marker for mitosis. The levels of
CycB1 and Plk1 were used as a control for APC/C activity, whereas the levels of Bub1 were
used as a control for the SAC activation status. The levels of B-actin were used as a loading
control. This data is representative of three individual experiments.

As expected, inhibition of Cyclin B1-Cdk1 activity in the presence of nocodazole promoted
progression through mitosis, as indicated by the loss of phosphorylated pH3 Ser10 (panel
vii, Fig. 3.16), with complete loss of Cyclin B1, Plkl and Bubl following RO-3306
treatment, relative to cells mitotically-arrested with nocodazole alone (panel iii, iv, v, Fig.
3.16). Despite the recovery of a strong signal for APCS5 in cells treated with the Cdkl
inhibitor in the presence of nocodazole (cf lane 3+4 and 5+6, panel ii, Fig. 3.16), indicating

the loss of its mitotic phosphorylation, it was impossible to discern whether this effect was
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due to Cdkl inhibition rather than to mitotic slippage. However, simultaneous treatment of
cells with RO-3306 and MG132, in the presence of nocodazole, efficiently blocked cells in
mitosis, as demonstrated by the similar levels of Cyclin B1, Plkl and Bubl in cells only
treated with nocodazole, and cells treated with RO-3306 and MG132 in the presence of
nocodazole (cf lane 2+4 and 5+7, panel iii, iv and v Fig. 3.16). This experimental approach
allowed for the evaluation of the direct effect of Cdk1 inhibition on APC/C phosphorylation
in mitosis. Indeed, a consequence of Cdkl inhibition in mitosis was that the APC3 higher
molecular weight band, corresponding to its mitotic phosphorylated form, was completely
lost in cells treated simultaneously with RO-3306 and MG132 (cf lane 2+4 and 5+7, panel
i, Fig. 3.16). Interestingly, inhibition of Cdkl in mitotically-arrested cells also led to the
complete restoration of the APC5 band compared to asynchronous cells, indicating that
APCS5 does not undergo phosphorylation when Cdkl is inhibited (panel ii, Fig. 3.16).
Overall, the results of this experiment revealed that Cdk1 might be responsible for APC5

mitotic phosphorylation.

3.7.2 PIk1 inhibition in mitosis reduces APC5 phosphorylation

So far, our data suggests that Cyclin B1-Cdkl might be responsible for APCS5
phosphorylation in mitosis. However, as many proteins serve as substrates for multiple
kinases, especially during mitosis when the phosphorylation pathways are intrinsically
linked to one another creating complex regulatory networks (Cuijpers and Vertegaal, 2018),
we wanted to investigate the requirement for others mitotic kinases in the phosphorylation
of APCS. It is acknowledged that Cdk1 and Plk1 share various substrates, especially during
mitosis (Cuijpers and Vertegaal, 2018, Elia et al., 2003a, Elia et al., 2003b, Neef et al., 2003,
Neef et al., 2007). In particular, it has been reported that Cdk1 phosphorylation is required

to prime Plk1 substrates by generating docking sites recognized specifically by Plk1 through
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its PDB-binding domain, which 1is ultimately responsible for Plkl-dependent
phosphorylation of its substrates (Jang et al., 2002, Elia et al., 2003a, Elia et al., 2003b, Neef

et al., 2007, Neef et al., 2003).

To evaluate the role played by Plkl in the phosphorylation of APCS, we inhibited
Plklactivity in mitosis employing the Plk1 inhibitor, BI-6727 (Rudolph et al., 2009). RPE-
1 cells arrested in mitosis by treatment with nocodazole were initially isolated by mechanical
shake-off and subjected to treatment with BI-6727 alone or in the presence of MG132, which
was used as previously to prevent cells escaping mitosis. Following these treatments cells
were harvested after 2h and 4h and the cells lysates were analysed by SDS-PAGE coupled
to Western blotting to determine the levels of various APC/C substrates and the

phosphorylation status of APCS5 (Fig. 3.17).
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Figure 3. 17: PIk1 inhibition attenuates APCS phosphorylation in nocodazole-arrested
cells. Lysates from asynchronous (AS), mitotically-arrested cells (lane 2), mitotically-
arrested cells treated with 250nM BI-6727 for 2h and 4h (lane 3 and 5) and mitotically-
arrested cells treated with 250nM BI-6727 and 10uM MG132 for 2h and 4h (lane 4 and 6)
were harvested in UTB lysis buffer. 50ug of total protein was separated by SDS-PAGE,
transferred to a nitrocellulose membrane. The phosphorylation status of APC5 was detected
by the inability of the a-APC5 mADb #4 to bind its epitope when phosphorylated. The levels
of APC3, CycB1 and Plk1 were used as a control for APC/C activity, whereas the levels of
Bubl were used as a control for the SAC activation status. The levels of pH3 Ser10 were
used as a marker for mitosis. The levels of B-actin were used as a loading control. This data
is representative of three individual experiments.

The results of this experiment revealed that inhibition of Plkl during mitosis was not
sufficient to allow cells to escape mitosis, as showed by the comparable levels of the APC/C
substrates Cyclin B1, Plk1 and Bubl in mitotically-arrested cells treated with nocodazole
alone and cells treated with Plk1 inhibitor in the presence or absence of MG132 (cf lane 2+3
and 4 and 2+5 and 6, panel iii, iv and v, Fig. 3.17). Cell cycle status was also confirmed by
the phosphorylation status of the histone H3-Ser10 residue which appeared unaltered in
almost all conditions tested compared to cells only treated with nocodazole (cf lane 2+3 and

4 and 2+5 and 6, panel vii, Fig. 3.17). A reduction in the phosphorylation of histone H3-
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Ser10 was observed only after 4h in mitotic cells treated with the Plk1 inhibitor (panel vii,
Fig. 3.17), which might be due to a potential reduction of Aurora B activity during the late
mitotic stage, as a consequence of Plk1 inhibition (Rosasco-Nitcher et al., 2008, Cuijpers
and Vertegaal, 2018). However, these results indicated that cells were arrested in mitosis
and that the SAC kept the APC/C inactive during the entire time course of the experiment.
Indeed, the phosphorylation status of APC3 was not altered following treatment with BI-
6727 alone or in the presence of MG132 (cf lane 3+5 and 4+6, panel i, Fig. 3.17). This
suggests that although Plk1 contributes towards APC3 phosphorylation during mitosis, its
inhibition does not affect the slower migrating rate of APC3 on SDS-PAGE imposed by
CyclinB1-Cdk1-dependent phosphorylation. Interestingly, inhibition of Plk1l caused the,
almost complete, recovery of the APC5 band in all conditions tested (cf lane 2+3, 4, 5 and
6, panel ii, Fig. 3.17). However, the intensity of the APC5 band appeared lower in
comparison to asynchronous cells, indicating that APC5 phosphorylation might not be lost
completely when Plk1 is inhibited. Overall, the results of these experiments suggest that
Plk1, as well as Cdk1, is responsible for APC5 phosphorylation during mitosis. Intriguingly,
as both Cdk1 and Plk1 activity is abrogated as cells exit mitosis, concomitant with the loss
of APCS5 phosphorylation, it cannot be excluded that both kinases are implicated in a
regulatory pathway operating on the APC/C through the phosphorylation of APCS.
However, from the data so far obtained is not possible to discern the contribution of these

mitotic kinases in the phosphorylation of APCS5 during the early stage of mitosis.

3.7.3 Aurora B inhibition in mitosis attenuates APC5 phosphorylation
To investigate the role of Aurora B kinase upon APC5 phosphorylation in mitosis we used
the well-known Aurora B inhibitor Hesperadin (Hauf et al., 2003). As previously described

for other inhibitor studies, we isolated mitotically-arrested RPE-1 cells obtained by treatment
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with nocodazole and then treated them with Hesperadin alone, or with Hesperadin plus
MG132, in the presence of nocodazole. Cells were harvested after 2 and 4 hours following
drug treatment and the cell lysates were analysed by Western Blot to evaluate the levels of

various APC/C substrates and the phosphorylation status of APCS5 (Fig. 3.18).
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Figure 3. 18: Aurora B inhibition attenuates APCS phosphorylation in nocodazole-
arrested cells. Lysates from asynchronous (AS), mitotically-arrested cells (lane 2),
mitotically-arrested cells treated with 10uM Hesperadin for 2h and 4h (lane 3 and 5) and
mitotically arrested cells treated with 10uM Hesperadin and 10uM MG132 for 2h and 4h
(lane 4 and 6) were harvested in UTB lysis buffer. 50pug of total protein was separated by
SDS-PAGE, transferred to a nitrocellulose membrane. The phosphorylation status of APC5
was detected by the inability of the a-APC5 mAb #4 to bind its epitope when
phosphorylated. The level of APC3, CycB1 and Plkl were used as a control for APC/C
activity, whereas the levels of Bubl were used as a control for the SAC activation status.
The level of pH3 Ser10 was used as a control for Aurora B inhibition. The levels of B-actin
were used as a loading control. This data is representative of three individual experiments.

As for Cdkl inhibition (Fig. 3.16), inhibition of Aurora B kinase in mitotically-arrested cells
enabled cells to escape mitosis, as indicated by the reduction in the levels of the APC/C

substrates Cyclin B1, Plkl and Bubl after 2h and 4h treatment with Hesperadin when
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compared to mitotically-arrested cells only treated with nocodazole (cflane 2+3 and 5, panel
iii, iv and v, Fig. 3.18). In agreement with this observation the higher molecular weight
APC3 band corresponding to its mitotically phosphorylated form was lost in cells treated
with Hesperadin compared to mitotically-arrested cells (cf lane 2+3 and 5, panel 1, Fig. 3.18).
Furthermore, the levels of Aurora B were also reduced following the mitotic slippage
imposed by Hesperadin, reflecting also the loss of histone H3-Ser10 phosphorylation, a
widely recognized Aurora B substrate, compared to mitotically-arrested cells only treated
with nocodazole (cf lane 2+3 and 5, panel vii, Fig. 3.18). As a consequence of mitotic
slippage, APC5 phosphorylation status was abrogated under these conditions (cf lane 2+3
and 5, panel ii, Fig. 3.18). However, akin to the Cdk1 inhibition experiment, co-treatment
with the 26S proteasome inhibitor, MG132, and Hesperadin was sufficient to prevent mitotic
slippage, as evidenced by the similar levels of the APC/C substrates Cyclin B1, Plkl and
Bubl in cells only treated with nocodazole and cells treated with the Aurora B inhibitor plus
MG132 (cf lane 2+4 and 6, panel iii, iv and v, Fig. 3.18). Similarly, APC3 phosphorylation
was preserved in cells co-treated with Hesperadin and MG132 compared to mitotically-
arrested cells (cf lane 2+4 and 6, panel i, Fig. 3.18). As expected, inhibition of Aurora B
caused the complete loss of the histone H3-Serl0 phosphorylation, as Aurora B is
responsible for histone H3-Ser10 phosphorylation in mitosis. Interestingly, under the same
conditions phosphorylation of APC5 was completely lost and its levels appeared similar to
those observed in asynchronous cells, indicating that Aurora B might also play a role in the

phosphorylation of APC5 (cf lane 1+4 and 6, panel ii, Fig. 3.18).

Overall, our data has revealed that APCS is phosphorylated during mitosis and that multiple
kinases might be responsible for this event. In fact, inhibition of Cdk1, Plk1 and Aurora B

could all restore the binding capacity of our a-APCS5 mAb for APCS, indicating that all these
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inhibitory treatments could abrogate APC5 mitotic phosphorylation. It is not yet clear
however whether all these kinases participate directly towards the phosphorylation of APCS.
In fact, the three kinase inhibitors all recovered the APC5 un-phosphorylated band when
cells were arrested in mitosis (Fig. 3.16, Fig. 3.17 and Fig. 3.18). It cannot be excluded
however that only one of these kinases is directly responsible for the mitotic phosphorylation
of APCS5 and that the other kinases might only affect this event indirectly. Therefore,
unequivocal identification of the APCS5 residue phosphorylated in mitosis is critical to
understanding the pathway responsible for APC5 mitotic phosphorylation as well as the

kinases responsible for this phosphorylation event.

3.8 APC5 phospho-site fine-mapping

Results obtained so far have helped establish that APCS is likely to be almost entirely
phosphorylated at one particular residue during mitosis. We found that our in-house mAbs
directed towards APCS5 all bind to the same epitope and fail to recognize APCS5 when APCS5
is phosphorylated in mitosis (Fig. 3.9). Moreover, we found that inhibition of any of the
mitotic kinases: Cdk1, Plk1 and Aurora B was able to restore the binding capacity for these
mAb’s for APC5 in mitosis, indicating that all of these kinases could play a role in the
phosphorylation of a specific APCS5 residue during mitosis (Fig. 3.16, Fig. 3.17 and Fig.
3.18). However, we cannot as yet unequivocally state which of these kinases is directly
responsible for APC5 phosphorylation. As mitotic kinases target distinct sites within
consensus sequences, we deemed it important to establish which APCS5 residue is

phosphorylated during mitosis, as this would help identify the kinase responsible.

3.8.1 a-APC5 mAbs recognize the same epitope in APC5

To establish which APCS residue is phosphorylated in mitosis we decided to take advantage
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of the fact that all our mAbs against APC5 bind to the same epitope. We therefore decided
to perform a fine mapping exercise to identify the a-APCS5 epitope in APCS. To do this we
generated four GST-APCS5 Fragments that cover the entire open reading frame of the APCS5
protein (Frl, Fr2, Fr3 and Fr4, Fig. 3.19). Importantly, the GST-APC5 fragments were
expressed in bacteria, and as such they were not phosphorylated. Following purification on
GST-agarose we performed Western blotting to test the ability of various a-APC5 mAbs
(#4, #22, #23, #24, #33 and #38) to bind to the GST-APCS5 fragments. We also used an a-

GST specific antibody to validate protein loading (Fig. 3.19).

GST-ApcS5 Fragments

Frl Fr2 Fr3 Fr4
| 1-189 | 190-378 | 379-567 | 568-755 |
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Figure 3. 19: a-APCS mAbs all bind to a region of APCS encompassing residues 190-
378. 100 ng of GST-Apc5 purified fragments (Frl, Fr2, Fr3 and Fr4) were separated by
SDS-PAGE, transferred to a nitrocellulose membrane and subject to Western blotting with
a-APCS mAbs (#4, #22, #23, #24, #33, #38). The GST specific antibody (a-GST) was used
as loading control. This data is representative of three individual experiments.

Western blot analyses confirmed that all the a-APC5 mAbs tested bound to the same GST-
APCS Fragment, Fragment 2 (Fr2), which corresponds to the region 190-378 of the APC5

amino acid sequence. The a-GST antibody was able to bind all the fragments through their
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GST-Tag, verifying equal protein loading.

3.8.2 a-APC5 mAbs all bind to an epitope located between residues 190-237 within GST-
APC5 Fragment 2

To fine-map the APCS site of phosphorylation further, we generated GST-APCS5 fragments
of Fragment 2. Following their purification they were used to determine the binding avidity

of the a-APC5 mAbs (#4, #22, #23, #24, #33 and #38) by Western blotting (Fig. 3.20).

GST-Fr2 fragments

Fr2.1 Fr2.2 Fr2.3 Fr2.4
| 190-237 | 238-284 | 285-331 | 332-378
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Figure 3. 20: a-APC5 mAbs all bind to a region of APC5 encompassing residues 190-
237. 100 ng of purified GST-APCS5 Fragment2 fragments (Fr2.1, Fr2.2. Fr2.3 and Fr2.4)
were separated by SDS-PAGE, transferred to a nitrocellulose membrane and the a-APC5
mAbs (#4, #22, #23, #24, #33, #38) binding site was detected via Western Blotting. The
GST specific antibody (a-GST) was used as loading control. This data is representative of
three individual experiments.

Western blot analyses revealed that the a-GST antibody bound to all the GST-APC5
fragments, whilst the a-APC5 mAbs tested only bound to one region of Fragment 2,

corresponding to amino acids 190-237.
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3.8.3 APCS5 region encompassing residues 190-237 contains consensus sites for mitotic

kinases

The data obtained so far suggests that the APC5 mitotic phosphorylation site exists between

amino acids 190-237. We therefore performed a multiple alignment over this region to

identify potential consensus kinase motifs and evaluate their conservation among different

species (Fig. 3.21).

Potential kinase:

Consensus:
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AFGSIPV-=———- SRSSRDI---EQLTQVQIE-====—=—==== HMQKFGCALPLEMKEK
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Figure 3. 21: APCS 190-237 contains one potential phosphorylation site for Plk1 and
two potential phosphorylation sites for Cdkl. Clustal Omega multiple alignment of the
APCS region encompassing residues 190-237 from different species showing putative
phosphorylation sites, kinase consensuses and their conservation (Clustal Omega, 2019).

The results of our in silico analysis identified three putative phosphorylation sites within the

region 190-237: S195, which corresponds to a potential Plkl1 site (D/E-X-S/T-X-X-D/E);

and S221 and T232, which correspond to potential Cdk1 site (S-X-X-R/T-P) (Nakajima et

al., 2003, Holt et al., 2009).
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3.8.4 APCS is phosphorylated in mitosis on S195

Consistent with our previous findings related to the involvement of Cdkl and Plk1 in the
mitotic phosphorylation of APCS, the use of bacterially purified GST-fragments of APC5
led to the identification of three potential phosphorylation sites within the 190-237 region of

APCS5 that could serve as potential substrate for Plk1 (S195) or Cdk1 (S221 and T232).

To identify unequivocally the APCS5 residue that is phosphorylated in mitosis and is
responsible for the mitotic epitope-masking phenomenon, we decided to undertake a site-
directed mutagenesis approach (see Sec. 2.3.5, Chapter 2). To do this, we generated a GST-
APCS fragment comprising amino acids 1-400 (GST-APCS5 1-400), which was used as a
template to generate phospho-serine (S) and phospho-threonine (T) mimics by substitution
of the S195 and S221 with aspartic acid (D) and substitution of the T232 residue with a
glutamic acid (E) (Fig. 3.22 A). This site-directed mutagenesis approach allowed us to
successfully generate GST-APCS5 1-400: S195D, S221D, and T232E single mutants (Fig.
3.22 B) that were then used for Western blot analysis to test the ability of two a-APCS5 mAbs

(#4 and #24) to recognize to these GST-APCS5 mutants (Fig. 3.22).
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Figure 3. 22: APCS5 mitotic phosphorylation occurs on the Plk1 consensus site S195. (A)
Schematic representation of GST-APCS5 1-400 WT, S195D, S221D and T232E. (B) 100 ng
of purified GST-APC5 1:400 purified proteins corresponding to the WT and to the APC5
phospho-mimicking mutants S195D, S221D and T232E were separated by SDS-PAGE,
transferred to a nitrocellulose membrane and the ability of the a-APCS5 mAbs #4 and #24 to
recognize their epitope was detected via Western Blotting. The GST specific antibody (o-
GST) was used as loading control. This data is representative of three individual
experiments.

The Western blot results revealed that the S195D phospho-mimic prevented the a-APC5
mAbs from recognizing the APCS5 epitope, whilst phospho-mimics S221D and T232E did
not mask the APC5 epitope. Taken together, these results suggest that phosphorylation of
APCS5 S195 in mitosis is responsible for the epitope-masking phenomenon, and that the

cellular pool of APCS is almost entirely phosphorylated on this residue during mitosis. The

kinase responsible for APC5 S195 phosphorylation during mitosis is likely to be Plk1.

3.9 Discussion

Although initial observations suggested that APC5 might be degraded early in mitosis in a

SAC-insensitive manner (Fig. 3.1 and 3.2), studies with our FLAG-APC5 U20S FRT cell
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lines revealed that FLAG-APCS protein levels were not altered in mitosis relative to
asynchronous cells (Fig. 3.8 A and B). In the light of these results we fine-mapped the
epitope for our collection of a-APC5 mAbs, which demonstrated that all of the mAbs raised
against APC5 bound to the same epitope, which was recognized in asynchronous cells, but
not mitotic cells (Fig. 3.9). As the APC/C is subject to extensive phosphorylation in mitosis
(Qiao et al., 2016, Zhang et al., 2016, Golan et al., 2002, Kraft et al., 2003, Fujimitsu et al.,
2016, Herzog et al., 2005, Hegemann et al., 2011) we postulated that phosphorylation of
APCS during mitosis might mask the epitope for our a-APC5 mAbs such that it appears that
APCS protein levels are reduced in mitosis, when in fact APC5 phosphorylation masks
antibody recognition. Consistent with this hypothesis A-phosphatase treatment of a-APC7

IPs restored the ability of our a-APC5 mAbs to recognize APCS5 in mitosis (Fig. 3.10).

Looking at the dynamics of APC5 phosphorylation during mitosis we determined that APC5
phosphorylation was strictly dependent upon cell cycle status and was not affected by
genotoxic stress (Fig. 3.14 and 3.15). Moreover, the use of Reversine to overcome the SAC
indicated that APCS5 is de-phosphorylated as cells progress though mitosis (Fig. 3.11 and
3.12). Overall, these data allowed us to define the timing of APCS5 phosphorylation, which
occurs following mitotic entry and is sustained throughout the APC/C-mediated degradation
of Cyclin B1 and Bubl, and the commencement of Plk1 degradation (e.g. Fig 3.1). As the
APC/C activation status changes during this time, passing from SAC-dependent inhibition
to Cdc20-mediated activation, it is possible that APC5 phosphorylation in mitosis could
contribute to the fine-tuning of APC/C mitotic activity. In support of this idea, cryo-EM
studies indicate that APC5 conformation is altered dramatically (shifts downwards), relative
to the whole APC/C holoenzyme when the SAC is satisfied, and occurs concomitantly with

the dislocation of the APC15 helix (Fig. 1.6) (Alfieri et al., 2016). As PTMs can strongly

111



affect protein conformation by changing the charge-status of the residues they modify, PTMs
are often used by cells as a rapid mechanism to regulate enzyme activity through the
modulation of intra- and inter- molecular interactions (Paleologou et al., 2008, Hunter,
2012). As such, APC5 phosphorylation, which, according to our data, occurs upon almost
the entire cellular pool of APC5 during mitosis (Fig. 3.10), could contribute towards the

regulation of APC/C activity during the different stages of mitosis.

To shed light on the effect of APC5 phosphorylation in the regulation of the APC/C
holoenzyme activity, it was critical to identify unequivocally the specific APCS5
phosphorylation site and the mitotic kinase responsible for this phosphorylation event. To
do this we adopted a fine-mapping approach using GST-APCS5 fragments corresponding to
the entire open-reading frame of the APC5 protein. To do this we employed a panel of a-
APC5 mAbs produced in our laboratory to identify the APCS5 residue that is subject to
phosphorylation during mitosis. This approach allowed us to map the antibody epitope on
APCS to the amino acid sequence corresponding to residues 190-237 of the APCS5 protein
(Fig. 3.19 and 3.20). As our mAbs all recognised the same epitope on APCS5 this approach
worked extremely well. Whilst designing these experiments we also considered using phage
display to generate a random peptide library that could be expressed on the phage surface to
identify the a-APC5 mAb epitope (Fack et al., 1997), but fortunately, this approach was not

needed.

Multiple alignment of the APC5 sequence corresponding to the region encompassing
residues 190-237 revealed the presence of three, potentially conserved, phosphorylation sites
that could, theoretically, be targeted by Plk1l (S195) or Cdkl (S221, T232) according to

kinase consensus motifs (Fig. 3.21) (Nakajima et al., 2003, Holt et al., 2009). Interestingly,
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a PhosphoSite Plus search of APCS5 revealed that all three sites had been identified
previously as being phosphorylated during mitosis in various mass spectrometric screens
(Herzog et al., 2005, Steen et al., 2008, Hegemann et al., 2011). However, no information
about the extent of protein phosphorylation, nor the physiological effect of these
phosphorylation events upon APC/C activity have been reported to date. As Cdk1 and Plk1
play crucial roles in the regulation of mitotic progression, including the Cdk1-dependent
regulation of APC/C activity (Fujimitsu et al., 2016), it was essential to define unequivocally
the APCS5 phosphorylation site recognised by our a-APCS5 mAbs. To do this we undertook
a site-directed mutagenesis approach aimed at mimicking phosphorylation of these three
potential sites. We therefore generated a GST-APC5 1-400 fragment and used it as a
template to produce the S195D, S221D and T232E phospho-mimic mutants (Fig. 3.22 A and
B). Using these mutants we determined that the APCS5 mitotic phosphorylation site
recognized by our a-APC5 mAb corresponded to the putative Plk1-targeted residue, S195

(Fig. 3.22 C).

A requirement for Plkl in the mitotic phosphorylation of APC5 was consistent with the
results we obtained when we inhibited Plk1 activity during mitosis (Fig. 3.17). However, a
role for Cyclin B1-Cdkl in APC5 mitotic phosphorylation cannot be excluded. As APC5
T232 is a potential Cdk1 phosphorylation site, which has been reported to be phosphorylated
during mitosis (Steen et al., 2008), it is possible that prior Cdk1-dependent phosphorylation
on this site is required for Plkl to phosphorylate APCS5 at S195. Consistent with this
hypothesis, inhibition of Cdkl kinase activity in mitotically-arrested cells also resulted in
the attenuation of APCS5 phosphorylation during mitosis (Fig. 3.16). Interestingly, it
appeared that Aurora B kinase activity also contributed towards APCS5 mitotic

phosphorylation at S195 (Fig. 3.18). Given the extensive crosstalk between the various
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mitotic kinases it is possible that Aurora B regulation of Cdkl, or Plkl activities, also
modulates S195 phosphorylation (Cuijpers and Vertegaal, 2018). Moreover, in addition to
the Plk1-Cdk1 axis already discussed, some reports suggest that Aurora B kinase is activated
by substrates previously phosphorylated by both Plk1 and Cdkl mitotic kinases (Cuijpers
and Vertegaal, 2018, Petronczki et al., 2008). Indeed, Aurora B-dependent phosphorylation
of the MCAK (Mitotic Centromere-Activated Kinesin) protein is influenced by Cdk- and
Plk1-mediated phosphorylation of the same protein (Ritter et al., 2015). Therefore, it is
possible that the Cdk1 and Plkl-dependent activation of Aurora B could facilitate APC5
S195 phosphorylation by one of these three kinases, which is most likely to be Plk1 based

on the known specificities of these kinases. This, however, awaits clarification.

Overall, we found that APCS is phosphorylated at S195 at the beginning of mitosis and
remains phosphorylated at least until the commencement of APC/C-mediated degradation
of SAC-sensitive substrates (Fig. 3.11-3.14). As this phosphorylation event occurs
concomitantly with various regulatory processes affecting APC/C activity, including SAC
inhibition of the APC/C, the switching of the APC/C into the active conformation and the
interaction of the APC/C with its co-activators, it will be interesting in the future to
determine the impact of APC5 S195 phosphorylation on the function of the APC/C
holoenzyme (Kraft et al., 2003, Golan et al., 2002, Fujimitsu et al., 2016, Lara-Gonzalez et
al., 2012). Indeed, as APC5 is part of the APC/C platform domain that is responsible for
connecting the catalytic core to the TPR domain of the holoenzyme (Chang et al., 2015), this
phosphorylation event could potentially, cause extensive conformational changes that might
alter APC/C function during mitosis, akin to the regulation of APC/C activity by the Cdk1-

dependent phosphorylation of APC1 and APC3 (Zhang et al., 2016).
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CHAPTER 4: INVESTIGATING THE ROLE OF APCS AND

APCS S195S PHOSPHORYLATION IN MITOSIS

4.1 Introduction

Our investigations so far have established that Plk1 phosphorylates the APC/C platform
subunit APCS5 at S195 during mitosis and that Cdk1l might play a role in the regulation of
this phosphorylation event. Indeed, inhibition of both Plk1 and Cdk1 kinases during mitosis
attenuated APC5 phosphorylation (Fig. 3.16 and 3.17). It was clear from our data that almost
the entire cellular pool of APCS5 is phosphorylated upon S195 during mitosis (Fig. 3.10).
Akin to APCI1 and APC3 phosphorylation that allows the APC/C holoenzyme to acquire its
active conformation during mitosis (Zhang et al., 2016), we anticipate that APC5 mitotic
phosphorylation could similarly represent an important level of regulation for the APC/C’s
mitotic activity. With this in mind, we therefore decided to investigate APCS5
phosphorylation in more detail, to understand its biological role and its impact on APC/C
function in mitosis. To fulfil these aims, as it will be discussed in more detail during this
chapter, we decided to generate a series of stable, Doxycycline-inducible U20S FRT
monoclonal cell lines that either mimic (FLAG-APC5 S195D) or ablate (FLAG-APCS5
S195A) S195 phosphorylation, to be used as a tool to investigate the role of S195
phosphorylation (pS195) on APC/C activity and regulation. Additionally, to clarify the role
played by the Cdkl mitotic kinase in the regulation of the, purported, Plk1-dependent
phosphorylation of APCS, we also generated U20S FRT monoclonal cell lines that either
mimic or inhibit phosphorylation of the APCS5 residue, T232 (FLAG-APCS5 T232E and
FLAG-APCS5 T232A, respectively). This decision was based on data published by

Kirschner’s group, who determined that APC5 was phosphorylated at T232 during mitosis
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(Steen et al., 2008). As T232 and S195 lie close to each other within APC5’s primary
sequence, and T232 is part of a typical Cdkl consensus, we considered it appropriate to
investigate the relationship between these two phosphorylation sites, and clarify the role
played by Plk1 and Cdk1 in the phosphorylation of S195. Moreover, to understand in more
detail the role of APCS5 in mitosis we investigated the molecular and biological consequences

of APC5 knockdown. The results from these investigations are presented in this chapter.

4.2 FLAG-APC5 phospho-mutant U20S FRT cell lines

4.2.1 Generation of FLAG-APC5 S195A and S195D U20S FRT stable cell lines

To start our investigation into the physiological role of APC5 phosphorylation at S195
during mitosis, we employed site-directed mutagenesis, described previously (Sec. 3.8.4,
Chapter 3), to generate the phospho-mimicking FLAG-APCS S195D mutant using our
pcDNAS FRT FLAG-APCS5 WT as a template. We similarly generated the FLAG-APC5
phosphorylation-defective mutant, FLAG-APC5 S195A by substituting the serine residue
with an alanine, to create a form of the APCS5 that could no longer be phosphorylated at this
residue. Once these pcDNAS FLAG-APCS mutants were validated by Sanger sequencing,
they were used to generate U20S FRT monoclonal cell lines, that in response to Dox
expressed the FLAG-tagged mutant forms of the APCS5 protein, i.e. FLAG-APC5 S195A
and FLAG-APC5 S195D. These cell lines were generated in an identical manner to that
described previously for FLAG-APCS5 WT U20S FRT cell lines (Sec. 3.4.1, Chapter 3). The
ability of these cell lines to express mutant APCS5 species, in response to Dox, was validated

by Western blotting (Fig. 4.1 A and B).

116



FLAG-APC5 S195A FRT U20S

Clone Clone Clone Clone Clone Clone Clone Clone Clone Clone
1 2 3 4 5 6 7 8 9 10

Dox - + - + - + - + - +

i _.-.“{ - .._' q <« FLAG-APC5
i on GG G0 @ DWW PO ~ PWwBWgwews - (i

B FLAG-APC5 S195D FRT U20S
Clone Clone Clone Clone Clone Clone Clone Clone Clone Clone
1 2 3 5 6 7 8 9 10 11
Dox - + = + = o+ = o+ = o+ -+ = + = + = + - +

i -—-‘-‘ 6 ) -'.J =" W . acarcs

| g w aeay  w w a, w + Bea
Figure 4. 1: Expression of FLAG-APCS5 S195A and S195D phospho-mutants in U20S
cells treated with doxycycline. Lysates from doxycycline-induced (Dox+) and non-induced
(Dox-) FLAG-APCS S195A (A) and S195D (B) U20S FRT clones were harvested in UTB
lysis buffer. 50pg of total protein was separated by SDS-PAGE, transferred to a
nitrocellulose membrane and the level of FLAG-APCS was detected using an o-FLAG
specific antibody by Western blotting. The levels of f-actin were used as a loading control.

The Western blotting results revealed that both FLAG-APC5 S195A and FLAG-APCS5
S195D U20S FRT monoclonal cell lines were generated successfully, and most of the clones
expressed FLAG-APCS protein following Dox induction with relatively low levels of
exogenously-expressed proteins in the absence of Dox (panel 1, Fig. 4.1 A and B). Based on
these results, we selected FLAG-APCS S195A Clone 8 (#8, Fig. 4.1 A) and FLAG-APC5

S195D Clone 3 (#3, Fig. 4.1 B) for further experiments.

4.2.2 Generation of FLAG APC5 T232A and T232E U20S FRT stable cell lines

Given the potential role of Cdk1 in regulating APCS5 phosphorylation at S195 by Plk1 during

mitosis (Sec. 3.7.1, Chapter 3), site-directed mutagenesis was also employed to generate the
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phospho-mimicking and phospho-inhibitory forms of APC5 T232, i.e T232A and T232E,
respectively. Once again, these mutants were created using the pcDNAS FLAG-APC5 WT
construct as a template, and the resulting sequence-validated constructs were then employed
to generate U20S FRT monoclonal stable cell lines that could express the mutant forms
FLAG-APCS T232A and FLAG-APCS T232E in response to Dox treatment. The efficiency

of this procedure was again assessed by Western blot (Fig. 4.2, A and B).
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Figure 4. 2: Expression of FLAG-APCS T232 phospho-mutants in U20S cells treated

with doxycycline. Lysates from doxycycline-induced (Dox+) and non-induced (Dox-)
FLAG-APCS T232A (A) and T232E (B) U20S FRT clones were harvested in UTB lysis
buffer. 50pug of total protein was separated by SDS-PAGE, transferred to a nitrocellulose
membrane and the level of FLAG-APCS5 was detected using an a-FLAG specific antibody
by Western blotting. The levels of f-actin were used as a loading control.

Western blotting results confirmed the efficient generation of stable U20S FRT monoclonal
cell lines expressing good levels of FLAG-APCS5 T232A and FLAG-APCS5 T232E
recombinant proteins following Dox induction (panel i, Fig. 4.2 A and B). Among the

various clones generated, FLAG-APCS5 T232A Clone 9 (#9, Fig. 4.2 A) and FLAG-APC5

T232E Clone 1 (#1, Fig. 4.2 B) were selected for future experiments.
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4.2.3 FLAG-APC5 mutant proteins are incorporated into the APC/C holoenzyme

The successful generation of the U20S FRT monoclonal cell lines expressing the S195 and
T232 phospho-mimicking and inhibitory species of APC5, provided us with a potential tool
to study the role of APC5 mitotic phosphorylation on the APC/C holoenzyme activity and
its regulation during mitosis. However, as the APC/C is a multi-subunit protein complex, it
was paramount to establish, in the first instance, whether these exogenous APC5 species
were incorporated successfully into the active APC/C complex. To address this, we tested
the ability of all exogenous FLAG-APCS species to interact with the APC/C subunit, APC7,
following Dox-induction of both asynchronous and mitotically-arrested U20S FRT
monoclonal cell lines, obtained by treatment with nocodazole. As such, we performed a
series of IP assays from each of the selected U20S FRT cell lines using an a.-APC7 Ab, and
then performed Western blotting analyses to validate the ability of FLAG-APCS species to

interact with APC7, and hence the APC/C holoenzyme (Fig. 4.3 A, B, C, D, E).
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Figure 4. 3: FLAG-APCS species are incorporated into the APC/C holoenzyme. Lysates
from asynchronous (AS) and mitotically-arrested (Noco) FLAG-APC5 WT (A), FLAG-
APCS5 S195A (B), FLAG-APCS S195D (C), FLAG-APCS T232A (D) and FLAG-APCS
T232E (E) U20S FRT cells were obtained by incubation in APC/C Lysis Buffer. An equal
amount of total protein from AS and Noco cells was incubated overnight at 4°C with an
APCT7 specific antibody (a-APC7) or with normal rabbit IgG (a-IgG) followed by collection
of immunoprecipitates upon Protein G Sepharose beads. Immunoprecipitated proteins and
50pg of total protein lysate were separated by SDS-PAGE, transferred to a nitrocellulose
membrane and the levels of APC7 and FLAG-APCS5 were detected by Western blotting.
These data are representative of three individual experiments.

The results of these IPs revealed that all exogenously-expressed FLAG-APCS species from
our stable U20S FRT cell lines were incorporated efficiently into the APC/C holoenzyme

in both asynchronous and mitotic cells (panel ii, Fig. 4.3 A, B, C, D and E). Indeed, IP with

120



an a-APC7 Ab, co-precipitated the FLAG-APCS species in all instances (panel ii, Fig. 4.3
A, B, C, D and E). Fortunately, control IPs with a rabbit IgG antibody in both asynchronous
and in mitotically-arrested cells did not co-precipitate FLAG-APCS (cf lane 1+3 and 2+4,
Fig. 43 A, B, C, D and E). Overall, these data indicate that the FLAG-APCS5 species are
incorporated effectively into the APC/C complex, in both asynchronous and mitotic cells.
As such our FLAG-APCS5 U20S FRT cell lines are a, potential, valuable tool to investigate

the effect of the APC5 phosphorylation at S195 and T232 on the APC/C activity.

4.3 FLAG-APC5 U20S FRT stable cell lines as a tool to investigate the physiological

effects of APC5 phosphorylation during mitosis

Once we established that the FLAG-APCS proteins were appropriately incorporated within
the APC/C complex (Fig. 4.3), we decided to use the newly generated FLAG-APCS5 U20S
FRT cell lines to investigate the physiological role of APC5 phosphorylation at S195 in the

regulation of APC/C activity in mitosis.

4.3.1 Expression of FLAG-APCS5 proteins in the presence of endogenous APC5 delays
mitotic progression

In the first instance, we utilised our U20S FRT monoclonal cell lines expressing the FLAG-
APCS5 S195 mutants to investigate the effect of altering APCS5 phosphorylation status on the
APC/C activity by looking at the ability of cells to progress through mitosis. For this
purpose, we performed a series of nocodazole-release experiments using the FLAG-APCS5
WT #13, FLAG-APCS5 S195A #8 and FLAG-APCS5 S195D #3 U20S FRT cell lines, in the
presence or absence, of exogenously-expressed proteins (Fig. 4.4, 4.5 and 4.6). These
experiments were performed as described previously for the FLAG-Cdc20 U20S FRT cell

line, where cells were arrested in mitosis by treatment with nocodazole, either with, or
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without, prior induction with Dox, and then released into the cell cycle by nocodazole
withdrawal (Sec. 3.3.2, Chapter 3). Western blotting analyses were then employed to
evaluate the effect of the FLAG-APCS5 expression on mitotic progression, by looking at the
degradation pattern of some APC/C substrates and at the phosphorylation status of the
APC/C subunits APC3 and APCS (Fig. 4.4, 4.5 and 4.6).
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Figure 4. 4: Effects of FLAG-APCS WT expression on mitotic progression. Cell lysates
from U20S FRT FLAG-APCS5 WT #13 asynchronous cells (AS), nocodazole-arrested cells
(Noco) and cells released from the mitotic arrest at different time points (1h, 2h, 4h and 6h),
both in presence or absence of Dox (-/+ Dox), were harvested in UTB lysis buffer. 50ug of
total protein was separated by SDS-PAGE, transferred to a nitrocellulose membrane and the
levels of APC3, APCS, and FLAG-APCS, together with the levels of the APC/C mitotic
substrates Cyclin B1, Plk1 and Geminin were determined by Western blotting. The levels of
B-actin were used as a loading control. These data are representative of three individual
experiments.

Consistent with our previous data, FLAG-APCS5 WT levels were constant in asynchronous
and mitotically-arrested cells, and following nocodazole withdrawal; as anticipated no

FLAG-APCS WT was detected in the absence of Dox (panel ii, Fig. 4.4). Consistent with
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APCS mitotic species not being recognized by the a-APC5 mAb #4, both endogenous APC5
and FLAG-APCS, represented by the slightly shifted higher molecular weight band, were
low in nocodazole-arrested cells and during the initial stages of the mitotic release either in
the presence or absence of Dox (panel iii, Fig. 4.4). Although it appeared that FLAG-APC5
was de-phosphorylated 1h after nocodazole withdrawal, as detected by the a-APC5 mAb #4
in the Dox-treated samples, the overall phosphorylation status of APC5 did not appear
compromised during mitosis following Dox induction, suggesting that the FLAG-APC5 WT
species is subjected to the same level of phosphorylation as endogenous APC5 during
mitosis (panel iii, Fig. 4.4). Western blot detection of APC/C substrates and APC3
phosphorylation status, revealed that expression of FLAG APC5 WT caused a delay in
mitotic expression (Fig. 4.4). Indeed, although cells were synchronized successfully in
mitosis both in the presence or absence of Dox treatment, as indicated by the appearance of
the hyper-phosphorylated APC3 form, and by the accumulation of the APC/C substrates
Cyclin B1, Plk1 and Geminin in nocodazole-treated cells, these proteins persisted for longer
following nocodazole withdrawal for those cells treated with Dox, relative to untreated
samples (panel i, iv, v and vi, Fig. 4.4). Interestingly, Dox-treated cells also seemed to
accumulate higher amounts of the APC/C substrates Cyclin B1, Plkl and Geminin during
the mitotic arrest compared to the corresponding Dox-untreated cells (cf lane 2 and 8, panel
iv, v and vi, Fig. 4.4). Moreover, Dox-treated cells took longer to induce the degradation of
these proteins following nocodazole-release compared to cells not treated with Dox,
suggesting that the APC/C was working less efficiently when FLAG-APC5 WT was
expressed (panel iv, v and vi, Fig. 4.4). Also, the APC3 phosphorylated form seemed to
persist longer following nocodazole withdrawal when cells were treated with Dox compared

to Dox untreated cells, possibly because of the persistence of Cyclin B1 which is responsible
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for this phosphorylation event (panel i, Fig. 4.4). Taken together, these data indicate that
FLAG-APCS WT expression in the presence of endogenous APCS might interfere with the
normal mitotic progression of U20S FRT cells by altering the APC/C holoenzyme mitotic

activity.

Although the data obtained with the cell cycle studies with the FLAG-APCS5 WT species
were not promising, we decided to repeat the experiment using the FLAG-APCS5 S195A and
S195D U20S FRT cell lines to get, at least, an indication of whether cell lines expressing
mutant FLAG APCS species differed in their ability to progress throughout mitosis, relative
to the WT FLAG APCS species. To investigate this possibility FLAG-APCS5 S195A #8 and
FLAG-APC5 S195D #3 U20S FRT cells, either treated or untreated with Dox, were
synchronized in mitosis by treatment with nocodazole and then released from the mitotic
arrest by nocodazole withdrawal. Cells were then harvested at different time points and
Western blot analyses were employed to determine the levels of the APC/C subunits APC3,
APCS5 and FLAG-APCS, as well as APC/C substrates Cyclin B1, Plkl and Geminin to

investigate the dynamic rate of mitotic progression (Figs. 4.5 and 4.6).
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Figure 4. 5: Effects of FLAG-APCS5 S195A expression on mitotic progression. Cell
lysates from U20S FRT FLAG-APC5 S195A #8 asynchronous cells (AS), nocodazole-
arrested cells (Noco) and cells released from the mitotic arrest at different time points (1h,
2h, 4h and 6h) both in presence or absence of Dox (-/+ Dox), were harvested in UTB lysis
buffer. 50ug of total protein was separated by SDS-PAGE, transferred to a nitrocellulose
membrane and the levels of APC3, APCS5, and FLAG-APCS5 and mitotic substrates Cyclin
B1, Plk1 and Geminin were determined by Western blotting. The levels of B-actin were used
as a loading control. These data are representative of three individual experiments.

Consistent with our studies with FLAG-APC5 WT, FLAG-APC5 S195A was not detected
in the absence of Dox treatment, but was expressed to high levels in the presence of Dox and
remained stable following nocodazole treatment, and withdrawal (panel ii, Fig. 4.5). As
expected, the results obtained for endogenous APCS5 with the a-APC5 mAb #4, in the
absence of Dox induction, were in perfect agreement with our previous nocodazole-release
results (Fig. 3.1); the phosphorylation status of endogenous APCS5 during mitosis was not
compromised in the FLAG-APCS5 S195A U20S FRT cells in the absence of exogenously
expressed FLAG-APCS S195A (panel iii, Fig. 4.5). On the contrary, a higher molecular

weight band, corresponding to the non-phosphorylatable form of APC5 S195A, was detected

125



at all time by the a-APC5 mAb #4 following Dox treatment, as it is not affected by the
epitope-masking phenomenon (panel iii, Fig. 4.5). Looking at the dynamics of mitotic
progression, the results for FLAG-APCS5 S195A were similar to those obtained for FLAG-
APC5 WT #13 U20S FRT cells (Fig. 4.4). Indeed, the levels of the APC/C substrates Cyclin
B1, Plk1 and Geminin again appeared to be higher in mitotically-arrested cells treated with
Dox, relative to the Dox-untreated cells (cf lane 2 and 7, panel iv, v and vi Fig. 4.5).
Likewise, the rate of their degradation following nocodazole withdrawal was slower in Dox-
treated samples compared to Dox-untreated cells, suggesting that the expression of the
FLAG-APCS5 S195A recombinant protein caused a delay in the progression of cells through
mitosis, in a similar manner to the one elicited by FLAG-APCS5 WT (cf panel iv, v and vi,
Fig. 4.4 and 4.5). Consistent with prolonged Cyclin B1 expression in Dox-treated cells the
phosphorylation status of APC3 was higher following nocodazole-release of the FLAG-
APC5 S195A expressing cells compared to cells only expressing endogenous APCS5 (panel
i, Fig. 4.5). Although the delay observed during mitosis by this mutant form of APC5 might
reflect an alteration in APC/C activity, the results obtained did not differ significantly from
FLAG-APC5 WT cells, such that we cannot determine whether inhibition of APCS5
phosphorylation at S195 affects APC/C holoenzyme activity or mitotic progression (Fig. 4,4

and 4.5).

We next performed the same experiment with the FLAG-APCS5 S195D U20S FRT stable
cell line #3, which expresses a phospho-mimicking APC5 mutant corresponding to a
constitutively phosphorylated form of APC5. Western blot analyses were again employed to
evaluate the effect of the expression of the recombinant protein on the dynamics of mitotic

progression (Fig. 4.6).
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Figure 4. 6: Effects of FLAG-APC5 S195D expression on mitotic progression. Cell
lysates from U20S FRT FLAG-APCS5 S195D #3 asynchronous cells (AS), nocodazole-
arrested cells (Noco) and cells released from the mitotic arrest at different time points (1h,
2h, 4h and 6h) both in presence or absence of Dox (-/+ Dox), were harvested in UTB lysis
buffer. 50ug of total protein was separated by SDS-PAGE, transferred to a nitrocellulose
membrane and the levels of APC3, APC5, and FLAG-APCS, as well as the levels of the
APC/C mitotic substrates Cyclin Bl, Plkl and Geminin were determined by Western
blotting. The levels of B-actin were used as a loading control. These data are representative
of three individual experiments.

As expected Western blotting revealed that the FLAG-APCS5 S195D protein was not
detected in the absence of Dox treatment, but was detected following Dox induction (panel
ii, Fig. 4.6). Interestingly, in the presence of Dox there was a noticeable increase in the levels
of the FLAG-APCS5 S195D protein in mitotically-arrested cells and during the early stages
of the mitotic release compared to interphase, potentially suggesting that APCS protein
stability increases during mitosis when it is phosphorylated (panel ii, Fig. 4.6). As
established previously the phosphorylation status of endogenous APC5 was unaltered in the

monoclonal FLAG-APC5 S195D U20S FRT cells both in the presence or absence of Dox
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(panel iii, Fig. 4.6). Interestingly however, different from what observed with the FLAG-
APC5 WT or S195A cell lines, no higher molecular weight band corresponding to the
recombinant FLAG-APC5 S195D protein species was detected at any time by the a-APC5
mAb #4 (cf panel iii, Fig. 4.4, 4.5 and 4.6). These results are considered to be a consequence
of the FLAG-APCS5 S195D form completely masking the APCS5 mAb #4 epitope at all time
points (cf panel iii, Fig. 4.4, 4.5 and 4.6). Moreover, and in contrast with what observed with
the FLAG-APCS5 WT and S195A cell lines, Western blotting with FLAG-APCS5 S195D cells
revealed no major differences in the levels of the APC/C substrates Cyclin B1, Plk1 and
Geminin in nocodazole-arrested cells either treated or untreated with Dox, or in their
degradation pattern following nocodazole withdrawal (cf lane 1+6 and 7+12, panel iv, v and
vi, Fig. 4.6). APC3 phosphorylation also appeared slightly increased in mitotically-arrested
cells expressing FLAG-APCS5 S195D compared to cells only expressing endogenous APCS5,
which might suggest an effect of APCS5 S195 constitutive phosphorylation on the

phosphorylation status of APC3 during mitosis (cf lane 2+3 and 8+9, panel i, Fig. 4.6).

As FLAG-APC5 WT and S195A expression caused a mitotic delay, S195D expression did
not. Taken together these data suggest that the FLAG-APCS5 S195D species, which mimics
a S195 phosphorylated form of APCS, potentially accelerates mitotic progression by
increasing the APC/C mitotic activity against its substrates, as well as APC3
phosphorylation during mitosis (cf Fig. 4.4, 4.5 and 4.6). However, as expression of FLAG-
APCS5 WT delayed mitotic progression relative to cells expressing endogenous APCS5 alone
(Fig. 4.4), this dataset did not allow firm conclusions regarding the effect of APC5 phospho-
mutants on mitotic progression dynamics to be drawn. We therefore needed to consider
experimental alternatives to determine the ‘real’ effect of APCS5 mitotic phosphorylation at

position S195 on the overall activity of the APC/C in mitosis.
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4.3.2 Doxycycline-inducible expression of FLAG-APC5 wild-type or mutant protein from
U20S FRT cells does not compensate for the knock-down of endogenous APC5

Given that exogenous expression of WT and S195A FLAG-APCS species delayed mitotic
progression in the presence of endogenous APCS, we reasoned that the expression of
endogenous APC5 might have created an experimental artefact that accounted for the
delayed normal mitotic progression of these cells. Therefore, we next decided to look at the
effect of our exogenously-expressed FLAG-APCS5 proteins on mitotic progression in the
absence of the endogenous APCS5 protein. To do this we took advantage of the fact that our
original pcDNAS5 APCS5 WT FRT construct, had previously be rendered siRNA-resistant
through mutation of 5 nucleotides that lie within the siAPCS sequence (whilst retaining WT
APCS protein sequence). To validate these siRNA-resistant cells we transfected both Dox-
treated and untreated FLAG-APC5 WT #13 U20S FRT cells with a siRNA Luciferase
control (siCTRL) or a siRNA targeted against the endogenous APC5 (siAPC5) gene (Fig.

4.7).
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Figure 4. 7: Exogenous FLAG-APCS proteins are siRNA-resistant. Lysates from FLAG-
APC5 WT #13 U20S FRT cells -/+Dox treated with either a silencing control siRNA
(siCTRL) or with a siRNA towards APCS5 (siAPC5) were collected in UTB lysis buffer at
different time points (24h, 48h and 72h). 50ug of total protein from each sample was
separated by SDS-PAGE, transferred to a nitrocellulose membrane and the levels of FLAG-
APCS, endogenous APCS and APC3 were determined by Western blotting. The levels of -
actin were used as a loading control. This data is representative of three individual
experiments.

The Western blot results showed that in the absence of Dox treatment, the levels of
endogenous APCS5 detected with the a-APC5 mAb #4 were greatly reduced following the
siAPCS5 treatment compared to the siCTRL samples (panel iii, Fig. 4.7). Conversely, the
signal detected by the a-FLAG specific Ab indicated that the levels of FLAG-APCS5 WT
were not reduced greatly following siRNA treatment against APCS5, confirming that the

FLAG-APCS5 recombinant species was resistant to siAPCS5 treatment (panel ii, Fig. 4.7).

Having established that our FLAG-APCS5 recombinant proteins are resistant to siAPC5
treatment, we then decided to repeat the nocodazole-release experiments with our U20S
FRT monoclonal cell lines expressing FLAG-APC5 WT, FLAG-APC5 S195A and FLAG-
APCS5 S195D, in the absence of endogenous APCS. In this series of experiments, following

initial treatment of cell lines with the siCTRL or the siAPC5 siRNA oligonucleotides, all
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samples were treated with Dox to induce the expression of the recombinant FLAG-APCS5
recombinant species. Cells were then synchronized in mitosis by treatment with nocodazole
and finally released back into the cell cycle following nocodazole withdrawal. Western
blotting analysis was then employed to follow mitotic progression by looking at the levels

of various APC/C substrates and APC3 phosphorylation status (Fig. 4.8, 4.9 and 4.10).
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Figure 4. 8: FLAG-APC5 WT expression does not compensate for the loss of
endogenous APCS. Following treatment of U20S FRT cells with Dox and then siRNA, a
nocodazole-release experiment was performed and lysates collected in UTB lysis buffer.
50ug of total protein, from asynchronous (AS), nocodazole-arrested cells (Noco) and cells
harvested at different time-points post-release (1h, 2h, 4h and 6h), was separated by SDS-
PAGE, transferred to a nitrocellulose membrane and the levels of FLAG-APCS5, endogenous
APCS5, APC3 and some APC/C mitotic substrates were determined by Western blotting. The
levels of B-actin were used as a loading control. This data is representative of three individual
experiments.

Consistent with previous results, Western blotting indicated that FLAG-APCS WT protein

levels were stable at all times during the experiment regardless of whether they had been
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treated with siCTRL or the siAPCS oligonucleotides (panel ii, Fig. 4.8). On the contrary,
endogenous APC5 levels were reduced greatly in samples treated with siAPCS in
comparison to the siCTRL-treated samples whilst the exogenous APC5 form recognised by
the APC5 mADb #4 was not (panel iii, Fig. 4.8). Western blot analyses of APC/C substrates
Cyclin B1, Plk1 and Geminin indicated that the siAPC5-dependent depletion of endogenous
APCS5 was responsible for a slight increase in their overall levels, both in asynchronous and
in mitotically-arrested cells compared to siCTRL-treated samples (panel iv, v and vi, Fig.
4.8). Moreover, siAPCS5 treatment of FLAG-APCS5 WT #13 U20S FRT cells caused a
deceleration in the degradation pattern of these APC/C substrates, particularly Plkl,
compared to siCTRL-treated cells, suggesting that APC/C activity was reduced in these cells
(panel iv, v and vi, Fig. 4.8); no significant changes were observed in the phosphorylation
status of APC3 however (panel i, Fig.4.8). Overall, the results of this experiment showed
that FLAG-APCS WT expression, in the absence of endogenous APCS5, causes a delay in
the progression of these cells through mitosis, suggesting that FLAG-APCS5 WT might not

be able to compensate for the loss of endogenous APCS in this regard (Fig. 4.8).

To establish whether APC5 S195 phosphorylation affected mitotic progression the same
experimental procedure was performed using U20S FRT monoclonal cell lines expressing
either the FLAG-APCS5 phosphorylation-defective, S195A or the phospho-mimic, S195D

proteins (Fig. 4.9 and 4.10).
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Figure 4. 9: Exogenously-expressed FLAG-APC5 S195A delays mitotic progression in
the absence of endogenous APCS. Following treatment of U20S FRT cells with Dox and
then siRNA, a nocodazole-release experiment was performed and lysates collected in UTB
lysis buffer. 50pug of total protein from asynchronous (AS), nocodazole-arrested cells (Noco)
and cells harvested at different time-points post-release (1h, 2h, 4h and 6h) was separated
by SDS-PAGE, transferred to a nitrocellulose membrane and the levels of FLAG-APCS,
endogenous APC5, APC3 and some APC/C mitotic substrates were determined by Western
blotting. The levels of B-actin were used as a loading control. This data is representative of
three individual experiments.

Western blot with a-FLAG and a-APC5 mAbs revealed that like FLAG-APCS5 WT, the
exogenously-expressed FLAG-APC5 S195A gene was resistant to the siAPC5 treatment
(panel ii and iii, Fig. 4.9). Again, whilst no alteration in the overall levels, or phosphorylation
status, of APC3 were detected following the siRNA treatment (panel i, Fig. 4.9), FLAG-
APC5 S195A expression, in the absence of endogenous APCS5 protein, delayed the
degradation of all the APC/C substrates Cyclin B1, Plk1 and Geminin compared to siCTRL
(panel iv, v and vi, Fig. 4.9). These data are similar to those observed for the FLAG-APCS5

WT species (cf Fig 4.8 and Fig. 4.9).
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Figure 4. 10: Exogenously-expressed FLAG-APCS S195D does not affect normal
mitotic progression. Following treatment of U20S FRT cells with Dox and then siRNA, a
nocodazole-release experiment was performed and lysates collected in UTB lysis buffer.
50ug of total protein from asynchronous (AS), nocodazole-arrested cells (Noco) and cells
harvested at different time-points post-release (1h, 2h, 4h and 6h) was separated by SDS-
PAGE, transferred to a nitrocellulose membrane and the levels of FLAG-APCS5, endogenous
APCS5, APC3 and some APC/C mitotic substrates were determined by Western blotting. The
levels of B-actin were used as a loading control. This data is representative of three individual
experiments.

Western blot with a-FLAG and a-APC5 mAbs revealed that like WT and S195A APC5
species the FLAG-APCS5 S195D species was resistant to the siAPC5 treatment (panel ii and
iii, Fig. 4.10). No additional bands, corresponding to the slower migrating FLAG-APCS5
recombinant protein, was detected in these cells with the a-APC5 mAb #4 due to the
constitutively phosphorylated status of the S195D mutant that masks the Ab epitope (panel
ii1, Fig. 4.10). Western blot analyses did not reveal any major differences in the levels, or
degradation pattern of APC/C substrates Cyclin B1, Plkl and Geminin in siAPC5-treated

cells compared to siCTRL-treated cells (panel iv, v and vi, Fig. 4.10); no alteration in the
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overall levels, or phosphorylation status, of APC3 were detected following the siRNA
treatment (panel i, Fig. 4.10) Taken together these data suggest that, expression of S195D
accelerates mitotic progression, relative to WT, or S195A APCS species, indicating
potentially that APC5 S195 phosphorylation does modulate the timing of mitotic progression
(cf Fig. 4.8 and Fig. 4.10). However, as FLAG-APC5 WT was not able to compensate for
the loss of endogenous APCS5 and allow for a timely progression through mitosis, and that
FLAG-APC5 S19SA was no different from FLAG-APC5 WT, we came to the conclusion
that despite the vast effort in generating these reagents, that they were ultimately, not suitable

for establishing the role of APC5 S195 phosphorylation in mitotic progression.

4.4 APCS depletion delays mitotic progression

Although our studies with the FLAG-APCS5 U20S FRT cells did not help to establish a clear
relationship between APCS5 mitotic phosphorylation and the regulation of the APC/C during
mitosis, the results obtained provided some insight into the potential role played by APC5
during mitosis. Indeed, our data suggested that modulating APC5 protein levels in the cell
might interfere with the normal progression of cells through mitosis. Given these findings
we decided to use different cell models to address in more detail whether modulation of
APCS5 protein levels affects mitotic progression. To this end we decided to use RPE-1 and
HeLa cells both of which have proved, consistently, to be faithful models for studying

mitosis (Floyd et al., 2008, Neumann et al., 2010).

4.4.1 APC5 knockdown delays mitotic progression both in RPE-1 and Hela cells

To elucidate the role played by APCS5 in the normal mitotic progression, we initiated a new
series of experiments to look at the effect of APCS5 knockdown on the ability of RPE-1 cells

to progress through mitosis. Initially therefore, we conducted a pilot experiment to evaluate
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RPE-1 sensitivity to different amounts of siAPC5 oligonucleotides. As such, asynchronous
RPE-1 cells subjected to treatment with a siCTRL or with different amount of a siAPC5
siRNA oligonucleotides were harvested 48h post-transfection; Western blotting analysis
revealed that APC5 protein levels were knocked down by the siAPC5 oligonucleotides to
similar levels at all concentrations used (cf lane 2, 3 and 4 with lane 1; Fig. 4.11). Western
blotting also revealed that there were no alterations in the protein levels of APC3 between
the siCTRL and the siAPC5-treated samples, suggesting that knocking down APCS in

asynchronous cells does not affect APC3 stability (panel 1, Fig. 4.11).
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Figure 4. 11: RPE-1 cells are sensitive to APC5 knockdown. RPE-1 cells were treated
with a silencing control siRNA (siCTRL) or different amounts of a siRNA targeted towards
APC5 (10nM, 20nM and 30nM siAPCS5). Lysates were harvested after 48h in UTB lysis
buffer. 50ug of total protein from each sample was separated by SDS-PAGE, transferred to
a nitrocellulose membrane and the levels of APC5 and APC3 were determined by Western
blotting. The levels of B-actin were used as a loading control. This data is representative of
three individual experiments.

Once the efficiency of the APC5 knockdown was confirmed, our next step was to investigate
the effect of APC5 knockdown during the normal mitotic progression of RPE-1 cells. To do
this RPE-1 cells were initially treated with a siCTRL or with siAPC5 siRNA

oligonucleotides and then subjected to a nocodazole-release experiment where cells were

initially synchronized in mitosis by treatment with nocodazole and, following nocodazole
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withdrawal, their ability to progress throughout mitosis was determined by Western blotting
for well-known APC/C substrates cyclin B1, Plkl, Geminin and Bubl, as well as at the

levels of APC5 and the phosphorylation status of APC3 (Fig. 4.12).
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Figure 4.12: APCS silencing affects mitotic progression in RPE-1 cells. RPE-1 cells were
treated with a siRNA targeted against APC5 or a control siRNA and subjected to a
nocodazole release experiment. Lysates were collected in UTB lysis buffer at the appropriate
times. 50pg of total protein from asynchronous (AS), nocodazole-arrested cells (Noco) and
cells harvested from the mitotic release at different time-points (1h, 2h, 4h and 6h) was
separated by SDS-PAGE, transferred to a nitrocellulose membrane and the levels of APCS5,
APC3 and some APC/C mitotic substrates were determined by Western blotting. The levels
of B-actin were used as a loading control. This data is representative of three individual
experiments.

Consistent with earlier results (Fig 4.11) Western blotting revealed that APCS5 was
successfully knocked-down in asynchronous cells following siAPCS5 treatment (panel ii, Fig.
4.12). Although the epitope-masking phenomenon associated with APCS mitotic
phosphorylation (Chapter 3), greatly reduced detectable levels of APC5 in all samples

treated, treatment with siAPCS5 oligonucleotides reduced these levels further compared to
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the siCTRL samples (panel ii, Fig. 4.12). Interestingly, the protein levels of all the APC/C
substrates tested, Cyclin B1, Plkl, Geminin were increased at all time-points following
nocodazole-release of siAPC5-treated cells, relative to siCTRL samples (panel iii, iv, v and
vi, Fig. 4.12). As such, APC5 knockdown appeared to slow down the degradation of these
APC/C substrates, suggesting that APC5 depletion reduces the E3 ubiquitin ligase activity
of the APC/C holoenzyme. Consistent with this view APC3 phosphorylation was prolonged
in siAPC5-treated cells released from the mitotic arrest compared to the same samples
treated with the siCTRL, suggesting that the time taken for siAPC5-treated cells to progress
through mitosis was extended (panel i, Fig. 4.12). Indeed, 2h and 4h post nocodazole
withdrawal, APC3 phosphorylation was still very high in siAPC5-treated samples relative
to siCTRL cells (cflane 10 and 11 with lane 4 and 5, panel i, Fig. 4.12). Together, these data
suggest that APC5 knockdown affects the normal ability of cells to progress throughout
mitosis reflected by an extension in the time taken for cells to progress through mitosis,

which might be due to a reduction in APC/C E3 ubiquitin ligase activity.

Given the effect of knocking down APC5 on mitotic progression in RPE-1 cells, we wished
to corroborate these findings in HeLa cells. Initially therefore, we conducted a pilot
experiment to determine the efficiency of APC5 knockdown in HeLa cells. Asynchronous
HeLa cells were thus treated with 30nM siCTRL or 30nM siAPC5 siRNA oligonucleotides
and harvested after 24h, 48h and 72h post-transfection. Western blot analyses revealed that
APCS5 was efficiently knocked down at all timepoints investigated (panel ii, Fig. 4.13), and
that APC3 levels, and phosphorylation status, was not altered, appreciably (panel i, Fig.

4.13).

138



Hela
’ ¥ « pAPC3

i :
e e - ecs

I L <« APCS5 #4
i PRI < (-actin
o o o oy oy oy
< 0 o~ < 0 o~
()] < ™~ o < ™~

siCTRL siAPC5

Figure 4. 13: HeLa cells are sensitive to siAPCS knockdown. HeLa cells were treated with
a silencing control siRNA (siCTRL) or with a siRNA targeted against APC5 (siAPCS).
Lysates were harvested in UTB lysis buffer at different time points post-transfection (24h,
48h and 72h). 50ug of total protein from each sample was separated by SDS-PAGE,
transferred to a nitrocellulose membrane and the levels of APC5 and APC3 were determined
by Western blotting. The levels of B-actin were used as a loading control. This data is
representative of three individual experiments.

We next investigated the effects of APCS5 knockdown on HeLa cell progression through
mitosis. We therefore treated HeLa cells with siCTRL and siAPC5 oligonucleotides and

subjected these cells to a nocodazole-release experiment (Fig 4.14).
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Figure 4.14 APCS silencing affects mitotic progression in HeLa cells. HeLa cells were
treated with an siRNA targeted against APC5 or a control siRNA and subjected to a
nocodazole release experiment. Lysates were collected in UTB lysis buffer at the appropriate
times. 50pg of total protein from asynchronous (AS), nocodazole-arrested cells (Noco) and
cells harvested from the mitotic release at different time-points (1h, 2h, 4h and 6h) was
separated by SDS-PAGE, transferred to a nitrocellulose membrane and the levels of APCS5,
APC3 and some APC/C mitotic substrates were determined by Western blotting. The levels
of B-actin were used as a loading control. This data is representative of three individual
experiments.

As expected, APCS protein levels were reduced greatly in samples treated with siAPC5
oligonucleotides compared to siCTRL-treated samples, confirming the successful depletion
of the APCS5 protein (panel ii, Fig. 4.14). Consistent with the notion that APCS5 depletion
reduces APC/C activity and slows progression of cells through mitosis, the levels of the
APC/C substrates Cyclin B1, Plk1l, Geminin and Bubl were increased significantly, at all
timepoints investigated, in HeLa cells depleted of APC5 compared to siCTRL cells (panel
ii1, iv, v and vi, Fig. 4.14). Moreover, APC3 phosphorylation was prolonged in siAPC5-

treated cells relative to siCTRL cells also suggestive of these cells taking longer to progress
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through mitosis (panel i, Fig 4.14). Taken together APC5 knockdown experiments suggest
that reduction of APCS levels reduces APC/C E3 ligase activity and prolongs the time taken

for cells to progress through mitosis.

4.4.2 Time-lapse microscopic imaging indicates that APC5 knockdown affects progression
through mitosis

As the data obtained from RPE-1 and HeLa cells revealed that APCS knockdown causes a
delay in progression through mitosis (Fig. 4.12 and 4.14) we decided to investigate this
phenotype further. We therefore decided to conduct a time-lapse microscopic imaging
experiment in RPE-1 cells to measure the time taken by siCTRL-treated cells and siAPC5-
treated cells to complete mitosis following NEBD (see Sec.2.4.2, Chapter 2). Twenty-four
hours post-knockdown RPE-1 DNA was labelled with the cell-permeable, fluorescent DNA
stain, SiR-DNA and 2h later cells were imaged every 3 min for approximately 24h by the
CellQ live cell imager. The data set obtained was then analysed manually with the aid of the
Cell Counter plugin using the ImageJ Fiji software package (Schindelin et al., 2012), to
measure the time taken by individual cells to progress from NEBD to metaphase-to-anaphase
transition and from anaphase to the completion of cytokinesis. The use of the fluorescent
DNA stain allowed for a clear visualization of chromosome condensation, making it easier

to follow and time accurately the mitotic progression of individual cells.

The live-cell imaging experiments revealed that RPE-1 cells treated with siAPCS5
oligonucleotides displayed mitotic-arrest, mitotic-delay and cytokinesis-defect phenotypes,
when compared to siCTRL-treated RPE-1 cells (Fig. 4.15). These experiments revealed that
following APC5 knockdown on average 53% of these cells were unable to undergo

metaphase-to-anaphase transition and existed in either a prophase or metaphase-arrest -like
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state after NEBD (Fig. 4.15). Although 46% of APCS5 knockdown cells, were on average
able to complete mitosis, their transition was delayed significantly, whilst 1% of cells, on

average, failed to complete cytokinesis after chromosome segregation (Fig. 4.15).

siAPC5
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46%
53% 0

Complete mitosis
No metaphase-to-anaphase transition
No cytokinesis after chromosome segregation

Figure 4.15: APCS knockdown affects the ability of RPE-1 to progress through mitosis.
Pie chart representing the average percentage of mitotic events following siAPC5 treatment
of RPE-1 cells. This data represents the average of three independent experiments. A total
of 70-80 cells were counted per sample for each independent experiment.

More detailed analyses allowed us to measure the difference in the time taken by APC5
knockdown cells, relative to siCTRL-treated cells, to progress from NEBD to anaphase and
from anaphase to cytokinesis. These analyses revealed that for those APC5-knockdown cells
that did progress through mitosis both passage from NEBD to anaphase and from anaphase
to cytokinesis were delayed significantly as a consequence of APCS5 knockdown (Fig. 4.16,
4.17 and 4.18). Representative images below illustrate that siCTRL chromosomes were
perfectly aligned to the metaphase plate after about 15-18 min following NEBD, and
underwent metaphase-to-anaphase transition after about 21 min post-NEBD (Fig. 4.16, A).

RPE-1 cells treated with the siAPC5 oligonucleotides, however, suffered a marked delay in
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their chromosome segregation pattern following NEBD, such that metaphase-to-anaphase
transition was initiated 72 mins post NEBD (Fig. 4.16, B). Moreover, 53% of siAPC5-treated
RPE-1 cells failed in undergo metaphase-to-anaphase transition after NEBD and
chromosome condensation and went back to an interphase-like status after 120 min (Fig.
4.16, C). These data suggest that APC5 depletion has a significant impact on APC/C mitotic

activity (Fig. 4.16).
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Figure 4. 16: APCS depletion delays normal mitotic progression. Phase-contrast (PC) and
fluorescent (SiR-DNA) live cell images of interphase (A) and RPE-1 cells progressing
through mitosis after siCTRL (B) or siAPC5 (C and D) treatments. Representative image
from three independent live cell imaging experiments.

iR-DNA

siCTRL
S

siAPC5

PC

SiR-DNA

siAPC5

143



Further inspection of the data revealed that the mitotic progression of siCTRL-treated cells
was uniformly distributed, showing an average time to progress from NEBD to anaphase of
about 22 min (mean and median), whilst data obtained for siAPC5-treated cells was more
scattered, with about 50% of cells taking an average of approximately 61 min (median) to
complete the same metaphase-to-anaphase transition following NEBD. These data suggest
that APC5 depletion might either impact chromosome attachment to the mitotic spindle
and/or APC/C activation once the SAC has been satisfied (Fig. 4.17). Further analyses
revealed that the time required for cytokinesis completion following metaphase-to-anaphase
transition for siCTRL cells was about 93 min (mean and median), whilst the siAPC5-treated

cells which did complete mitosis took an average of 153 min (median, Fig. 4.18).
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Figure 4. 17: APCS knockdown delays mitotic progression from NEBD-to-anaphase.
(A) Box plot illustrating RPE-1 cells progression from NEBD to anaphase. (B and C) Bar
charts showing time taken by individual RPE-1 cells to progress from NEBD to anaphase
following siCTRL (B) or siAPCS5 (C) oligonucleotide treatment. Data obtained from three
independent live cell imaging experiments. A total of 70-80 cells were counted per sample
in each independent experiment.
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Figure 4. 18: APCS knockdown delays progression from anaphase-to-cytokinesis. (A)
Box plots illustrating time taken by RPE-1 cells to progress from anaphase to cytokinesis.
(B and C) Bar charts showing time taken by individual RPE-1 cells to progress from
anaphase to cytokinesis following siCTRL (B) or siAPC5 (C) oligonucleotide treatment.
Data obtained from three independent live cell imaging experiments. A total of 70-80 cells
were counted per sample in each independent experiment.
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Taken together, these data indicate that APCS5 depletion affects significantly mitotic
progression of RPE-1 cells by, presumably, interfering with the molecular processes that
regulate metaphase-to-anaphase transition and cytokinesis. As such these data suggest a

critical role for APC5 in modulating the activity of the APC/C complex throughout mitosis.

4.5 Discussion

Although previously published mass spectrometry screens had revealed that APCS5 residues,
S195 and T232 were phosphorylated during mitosis (Herzog et al., 2005, Steen et al., 2008,
Hegemann et al., 2011), no experimental detail, about the extent of APC5 phosphorylation
or the possible physiological role played by these PTMs in the regulation of APC/C mitotic
activity exists. In contrast, data obtained in our previous chapter revealed that almost the
entire pool of APCS is phosphorylated during mitosis at the Plk1 consensus site, S195 (Fig.
3.21) (Nakajima et al., 2003), and that this phosphorylation event might be dependent upon
the activity of Plk1, Cdk1 and Aurora B mitotic kinases (Fig. 3.1, 3.16, 3.17 and 3.22). Based
on this evidence, and the fact that APC/C activity is modulated by phosphorylation during
mitosis (Zhang et al., 2016, Fujimitsu et al., 2016, Golan et al., 2002, Qiao et al., 2016), the
aim of the studies presented in this chapter was to investigate the role of APC5 mitotic
phosphorylation at S195 in the regulation of the APC/C. Moreover, as the APC5 residue
T232 is likely phosphorylated by Cdk1 (Holt et al., 2009), and Cdk1 often primes substrates
for Plk1-dependent phosphorylation (Fig. 3.22) (Elia et al., 2003a, Elia et al., 2003b, Neef
et al., 2007), we also aimed to establish whether T232 phosphorylation was an essential

prerequisite for S195 phosphorylation.

Unfortunately, however, our experimental approach failed to answer these important

questions. In this regard, we were able to generate stable monoclonal U20S FRT cell lines
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that expressed FLAG-tagged APCS5 recombinant proteins corresponding to the WT species
and S195 and T232 phospho-mutants that incorporated successfully into the APC/C
holoenzyme (Fig. 3.7, 4.2 and 4.3). However, when we looked at the mitotic behaviour of
these U20S FRT cell lines following Dox induction, we found that the FLAG-APC5 WT
was not able to recapitulate the normal mitotic progression expected of these cells (Fig. 4.4
and 4.8). Moreover, expression of exogenous FLAG-APCS5 S195A and S195D species, did
not have a dramatic effect on the ability of cells to progress through mitosis, either in the
presence or absence of endogenous APC5 (Fig. 4.5, 4.6, 4.9 and 4.10). Nevertheless, cells
expressing FLAG-APCS WT and FLAG-APC5 S195A were delayed in mitosis compared
to FLAG-APCS5 S195D U20S FRT cells in all conditions tested (Fig. 4.4-4.6 and 4.8- 4.10).
As such, our data might suggest that the constitutive phosphorylation of APC5 at S195
augments mitotic APC/C activity. If so, it is interesting to speculate that APCS
phosphorylation at S195 might participate in the activation of the APC/C in mitosis by
promoting conformational changes in the APC/C that facilitates Cdc20 association with the
holoenzyme (Zhang et al., 2016). Akin to the inter-subunit regulation between APC3 and
APCI during mitosis, where the Cdk-1 dependent phosphorylation of APC3 promotes the
phosphorylation of APC1, it is possible that APCS5 phosphorylation at S195 could, similarly
promote APC3 and APCI1 phosphorylation, as an upstream regulator of these APC/C
subunits (Fujimitsu et al., 2016). However, as FLAG-APC5 WT U20S FRT cells were
delayed in their progression through mitosis (Fig. 4.4 and 4.8), these hypotheses could not

be confirmed, and definitive conclusions could not be drawn.

It is possible that the levels of the recombinant FLAG-APCS species expressed in our U20S
FRT cell lines were not adequate to compensate for the loss of endogenous APC5 following

the siAPCS5 treatment (Fig. 4.8-4.10). Moreover, notwithstanding the fact we selected U20S
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FRT clones which appeared to express FLAG-APCS species to similar levels following Dox
induction (Fig. 3.7, 4.1 and 4.2), it cannot be excluded that subtle differences in the
expression of the different FLAG-APCS species also impacted on the rate of cellular
progression through mitosis. As such, it might be that the FLAG-APC5 S195D species was
expressed to higher levels than the FLAG-APCS5 WT and FLAG-APCS S195A species and
that might explain the faster progression of those cells through mitosis (Fig. 4.8- 4.10). Also,
it cannot be excluded that despite their incorporation into the APC/C holoenzyme (Fig. 4.3),
the FLAG-APCS species might alter the overall structure of the APC/C, causing a reduction
in its overall enzymatic activity and hence the slower rate of mitotic progression observed
for FLAG-APCS5 WT U20S FRT cells (Fig. 4.4 and 4.8). Another potential concern is the
utility of U20S cell lines to study mitosis, as they are not used routinely for such studies,
despite there being no indications in the literature that they are not a good model system to
study mitosis. In fact, whilst TERT-immortalized RPE-1 cells have no genetic alterations,
and are considered a good model to study mitosis (Floyd et al., 2008, American Type Culture
Collection (ATCC), 2019), U20S cells might have accumulated genetic mutations or
genomic aberrations that dysregulate progression through mitosis. However, whilst HeLa
cells, like U20S cells, are tumour-derived, their progression through mitosis does not differ
significantly from RPE-1 cells, which makes HeLa cells a good model for the study of
mitosis (Neumann et al., 2010). However, one caveat worth noting is that although HeLa
cells are used extensively to study mitosis, they are cancer-derived cells, and as such, they
might be subjected to alterations in checkpoint control systems operating during the cell
cycle. Moreover, HeLa cells possess an integrated human papilloma virus (HPV) genome
within their genome. As such, HeLa cells express the viral oncoprotein E7, which has been

implicated in the regulation of APC/C activity during mitosis (Yu and Munger, 2013).
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Therefore, results obtained using HeLa cells in our study need to be evaluated carefully.
Given also that U20S cells are cancer-derived cells, obtained by osteosarcoma, we were
unsure whether the FLAG-APCS U20S FRT clonal cell lines were an appropriate model to
study the effects of APC5 phosphorylation under physiological conditions and acknowledge
the need for a different approach to understand the role of APC5 phosphorylation at S195

and to ascertain its effect on APC/C activity.

Given the considerations outlined above it would be worthwhile to generate clonal RPE-
FRT or HeLa-FRT cell lines that express the different FLAG-APCS species to re-evaluate
the effects of S195 phosphorylation on the process of mitosis. Alternatively, we could
express the FLAG-APCS species transiently in these cells to study their effects. In either of
these scenarios, we would also assess the affinity of the FLAG-APC5 WT, S195A and
S195D species for Cdc20 binding and validate the hypothesis that APC5 phosphorylation
promotes APC/C mitotic activation in a manner akin to the phosphorylation of APC3 and
APCI (Fujimitsu et al., 2016, Zhang et al., 2016). We could similarly test whether APC5
mitotic phosphorylation has any effect on Cdhl and/or UbcH10 binding to the APC/C, as
structural analyses have suggested that APC5 conformational changes are also required for

the association of these proteins with the APC/C (Cronin et al., 2015).

We could also use these approaches to evaluate whether APC5 S195 phosphorylation affects
the ability of the APC/C to interact with protein substrates, such that APC5 S195
phosphorylation could generate a substrate-binding module, which might help establish the
APC/C hierarchy for its targets (Davey and Morgan, 2016). Indeed, SUMOylated APC4
functions as a molecular adaptor and helps recruit the APC/C substrate, KIF18B to the

APC/C (Eifler et al., 2018). In support of this idea homozygous mutants of the Drosophila
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APCS5 orthologue, ida, limit the APC/C-dependent degradation of Cyclin B1 without
affecting the degradation of Securin (Bentley et al., 2002), suggesting that APCS5 is important

in the modulating the ability of the APC/C to target substrates during mitosis.

Although we have not been able, thus far, to evaluate the physiological role of APCS5 mitotic
phosphorylation at S195, studies presented within this chapter have provided important
information about the role of APC5 in mitosis. Indeed, our experiments revealed that APC5
depletion by RNAi not only caused a delay in the mitotic progression of both RPE-1 and
HeLa cells (Fig. 4.12 and 4.14), but also limited, substantially RPE-1 cells’ ability to
progress through mitosis (Fig. 4.15- 4.18). As such, our findings are consistent with those
reported by Neumann and colleagues in their MitoCheck project, where a systematic
approach was adopted to identify those human proteins that regulate mitosis and mitotic
progression (Neumann et al., 2010). Using a siRNA library directed towards a total of 22,000
genes in HeLa cells, this study identified more than a thousand genes, that when knocked-
down, gave a mitotic phenotype. As expected, knock-down of many of the APC/C subunits
impaired cellular progression through mitosis, with more dramatic effects associated to the
ablation of the APC/C catalytic subunits APC2, APC11 and APC10, as well as APC3.
According to their report knockdown of these specific APC/C subunits led to segregation
problems, lagging chromosomes and chromosomes bridges, nuclei morphological
alterations, cellular arrest in metaphase and mitotic delays/arrest (Neumann et al., 2010). By
contrast, knock-down of other APC/C subunits, i.e. APC4, APC6, and APC13 were instead
more generally classified as causing metaphase delays/arrest or mitotic delays/arrest; whilst
APC1 and APC7 knock-down was associated with an increase in cell proliferation
(Neumann et al., 2010). Reasonably, due to the huge amount of information obtained

through this high-throughput approach, following their initial screening and validation
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Neumann and colleagues only focused on the phenotypic characterization of a small subset
of candidates, and no extra information were provided relative to most of the genes identified

(Neumann et al., 2010).

Similar to what was reported for APC4, APC6 and APC13, the MitoCheck project revealed
that APC5 knock-down caused mitotic delay/arrest and metaphase alignment problems
(Neumann et al., 2010). Our time-lapse microscopic analyses confirmed these observations,
as well as providing a more detailed characterization of the APC5 knock-down phenotype.
Indeed, through our live cell imaging experiments we determined that 53% of RPE-1 cells
arrested in mitosis following siAPCS5 treatment, whilst 46% completed mitosis, albeit with
a marked delay in the time taken to exit mitosis (Fig. 4.15). Specifically, whilst control cells
took on average of 22 min to progress from NEBD-to-anaphase and 90 min to complete
cytokinesis thereafter, siAPC5-treated cells were delayed significantly (p<0.001) in their
progression through mitosis, and took on average 60 min to progress from NEBD-to-
anaphase and 153 min to complete cytokinesis following anaphase onset (medians, Fig. 4.17

and 4.18).

Interestingly, similar mitotic defects were also reported for the knockdown of the Drosophila
APCS5 homologous ida (Bentley et al., 2002), that shares 65% of similarity with the human
APC5 (Yuetal., 1998). According to this study, homozygous deficient of ida were subjected
to severe development problems related to cell proliferation and cell cycle control, such that
ida mutants arrested in a prometaphase-like state with condensed chromosomes, suggesting
a critical role for APC5 in mitosis that is conserved from metazoan to humans (Bentley et

al., 2002). Akin to our study presented here, the Drosophila study also established that some
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ida mutant cells were able to undergo metaphase-to-anaphase transition, but that they

became aneuploid with aberrant, hyper-condensed chromosomes (Bentley et al., 2002).

Given that we observe obvious mitotic defects when we knock-down APCS5 in RPE-1 cells
(Fig. 4.15- 4.18) it would be extremely interesting to see if we could transiently express our
siRNA-resistant FLAG-tagged APCS species to determine whether APC5 WT, or the S195
or T232 phospho-mutant species were able to reverse the effects of APC5 knockdown on
mitotic progression. Indeed, it has been shown previously that phospho-mimicking
mutations or phospho-inhibitory mutations can alter the activation status of an enzyme to
affect biological processes (e.g. Otto et al. (2017), Paleologou et al. (2008)). For instance,
the modification of all S and T residues to E in the enzyme guanylyl-cyclase (GC)-A, which
is responsible for hormone-dependent changes in blood pressure, recapitulates the
phosphorylation-dependent activation of guanylyl cyclase activity (Otto et al., 2017).
However, not all phospho-mimics recapitulate the biological effect of phosphorylation. For
instance, phosphorylation at S129 in a-Synuclein inhibits fibrillation of a.-Synuclein, whilst
the phospho-mimetic SD and SE mutants are unable to recapitulate this effect (Paleologou
et al., 2008). In light of theses studies it will be interesting to see whether APC5 phospho-
mimicking species behaves akin to natively phosphorylated APC5 S195 species in the

regulation of APC/C activity.

Interestingly, structural analysis of the APC/C, in complex with the MCC, have suggested
that the dissociation of MCC from the APC/C upon SAC satisfaction necessitates
conformational changes in the APC15 platform subunit. These conformational changes
promote the autoubiquitylation of Cdc20 associated with the MCC and consequent release

of the MCC from the APC/C (Alfieri et al., 2016, Reddy et al., 2007, Mansfeld et al., 2011,

153



Uzunova et al., 2012). Interestingly, these structural analyses also revealed that concomitant
with changes in APC15 conformation, APC5 shifts upwards and facilitates the association
of UbcH10 with the holoenzyme (Fig. 1.6) (Alfieri et al., 2016). Given that knockdown of
APCS causes a mitotic arrest phenotype, it will be interesting to see if the APC5 S195 or

T232 phospho-mutant species regulate MCC complex dissociation and/or UbcH10 binding.

Overall, data presented in this chapter has revealed a critical role for the APC/C subunit,
APCS in the regulation of APC/C activity during mitosis, suggesting a potential role for
APC5 S195 phosphorylation in the mitotic functions of the APC/C. The precise role of
APCS5 S195 phosphorylation in the regulation of the APC/C in the context of mitosis,

however, awaits further characterization.
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CHAPTER 5: CHARACTERIZATION OF ENDOGENOUSLY

PHOSPHORYLATED APCS S195 SPECIES IN MITOSIS

5.1 Introduction

In an attempt to investigate the role of the APC5 S195 phosphorylation on APC/C activity
during mitosis, we previously utilized cell lines that were engineered to express FLAG-
APCS5 phospho-mutants in a TET-inducible manner (Chapter 4). Although the results
obtained did not allow us to establish the role of APC5 S195 phosphorylation with certainty,
overall, the data generated suggested that APC5 S195 phosphorylation might be important
for APC/C function during mitotic progression (Fig 4.10). Moreover, as depletion of APC5
protein levels by RNAi had a very strong impact on the ability of both RPE-1 and HeLa cells
to progress through mitosis (Fig. 4.13 and 4.14) it is likely that APC5 PTMs are key to APC5
function in this regard. To investigate the role of endogenous APC5 S195 phosphorylation
under normal physiological conditions we decided to generate an anti-APC5 S195 phospho-
specific Ab, which fortunately, proved successful. Details of the Ab generation and
characterisation as well as an investigation into endogenous APC5 S195 phosphorylation

under physiological conditions are described in this chapter.

5.2 Following APCS5 phosphorylation under physiological conditions

5.2.1 Generation of an a-pAPC5 S195-specific antibody

Having determined that APCS is phosphorylated at S195 during mitosis we wished to
monitor endogenous APC5 S195 phosphorylation directly under various physiological
conditions. For this reason, we employed the MRC Protein Phosphorylation Unit in Dundee
to generate a phospho-specific Ab against the phosphorylated S195 APCS protein species

(a-pAPC5 S195). To do this they made a peptide equivalent to the APCS region under
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investigation and incorporated a phosphorylated serine residue corresponding to the S195
residue that is phosphorylated in the native protein (Peptide 1: ANAPCS - C-
KEELDVS*VREEEV — where S* is pS195). This peptide was then coupled to carrier
proteins BSA (Bovine Serum Albumin), or KLH (Keyhole Limpet Hemocyanin) through an
N-terminal cysteine residue, not found in the native protein, before being injected into
rabbits for immunization. At 6, 10 and 14 weeks post-injection serum was isolated and the
o.-phospho-APCS5 (pAPCS5) S195 Ab affinity purified using the phospho-peptide (Peptide 1)
coupled to Sepharose. To purify further the phospho-Ab and eliminate the presence of any
Ab’s that could still react with the un-phosphorylated form of APCS, the a-phospho-APC5
Ab was incubated with an un-phosphorylated peptide (Peptide 2 ANAPCS -C-
KEELDVSVREEEV) coupled to Sepharose prior to use. Overall, this process allowed for
the isolation of a rabbit a-pAPC5 S195-specific Ab, which ideally, would only have affinity

for the mitotically, phosphorylated APC5 S195 species of APCS.

5.2.2 a-pAPC5 S195 Ab binds to phosphorylated APC5 during mitosis in numerous cell
types

Once the purified a-pAPC5 S195 Ab was isolated we wanted initially to establish its ability
to recognize specifically, the phosphorylated S195 APCS5 species during mitosis from
different cell lines. With this purpose in mind, we harvested whole cell lysates either
obtained from asynchronous, or mitotically-arrested RPE-1, U20S FRT, HeLa, A549 and
H1299 cells treated with nocodazole. We then performed SDS-PAGE and Western blot
analyses to validate the binding avidity of the a-pAPC5 S195 Ab for the mitotic,
phosphorylated form of APCS. For comparison we compared the reactivity of the phospho-

Ab with our a-APC5 mAb #4, which does not bind to APC5 during mitosis, and with a
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commercial polyclonal a-APCS5 Ab, capable of detecting the APCS protein at all stages of
the cell cycle (Fig. 5.1). We also determined the levels of the APC/C substrates, Cyclin Bl

and Plk1 and the phosphorylation status of APC3 as indicators of cell cycle status (Fig. 5.1).
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Figure 5.1: a-pAPCS5 S195 Ab recognizes phosphorylated APCS5 preferentially during
mitosis in multiple cell lines. Cell lysates from RPE-1, U20S FRT, HeLa, A549 and H1299
asynchronous (AS) and nocodazole-arrested cells (Noco) were harvested in UTB lysis
buffer. 50ug of total protein was separated by SDS-PAGE, transferred to a nitrocellulose
membrane and the levels of APC5 were determined by Western blotting with three different
antibodies (APCS5 #4, pAPCS5 S195 and APCS polyclonal Ab), as well as the levels of APC3,
Cyclin B1 and PIlkl. The levels of B-actin were used as a loading control. This data is
representative of three individual experiments.

As expected, a higher molecular weight band was observed for APC3 in nocodazole-treated
samples compared to asynchronous conditions in all cell types, indicating APC3 mitotic
phosphorylation and confirming the effectiveness of the synchronization procedure (panel i,
Fig. 5.1). Although some differences under asynchronous conditions were observed for
Cyclin B1 from different cell types, its levels, as well as those for Plk1, were overall higher

in mitotically-arrested cells relative to asynchronous cells for all cell types used, confirming
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the typical accumulation of APC/C mitotic substrates in nocodazole-treated cells (panel v
and vi, Fig. 5.1). The absolute levels of APC5 also differed between cell lines with higher
levels observed in HeLa, A549 and H1299 cells compared to RPE-1 and U20S FRT cell
significant differences were observed when comparing APCS5 protein levels in asynchronous
and mitotically arrested-cells of the same cell type when using the a-APCS5 polyclonal Ab,
confirming the ability of this Ab to recognize the APCS5 species independently of S195
phosphorylation status (panel iv, Fig. 5.1). In contrast, the APC5 signal was almost
completely lost in all mitotically-arrested cells when detected with the a-APC5 mAb #4,
consistent with previous observations that this Ab possesses low binding affinity for its
epitope when APCS is phosphorylated in mitosis (panel ii, Fig. 5.1). In agreement with our
hypothesis that APCS is phosphorylated at S195 specifically during mitosis the a-pAPC5
S195 Ab only detected APCS in mitotically-arrested cells in all cell lines used (panel iii,
Figure 5.1). Signal intensity differences between cell lines were observed that might reflect
the differences in the overall levels of APCS in these different cell lines; importantly, the o.-
pAPCS5 S195 Ab did not show any binding affinity for APCS5 in asynchronous conditions
(panel iii, Fig. 5.1). Overall, these results establish that the a-pAPC5 S195 Ab binds with
high avidity to the phosphorylated APC5 S195 epitope during mitosis. These data also
suggest that the phosphorylation of APC5 S195 in mitosis is conserved between different

cell lines.

5.2.3 a-pAPC5 S195 binds specifically to APC5

The strong and specific immunoreactivity of the a.-pAPC5 S195 Ab for APCS5 from different
mitotically-arrested cell types (Fig. 5.1), suggests selectivity, and specificity of this Ab for

the mitotic APCS5 phosphorylated species. Given these results we next wanted to ascertain
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whether the Western blot signal detected corresponded genuinely to APCS, or if it was a
non-specific protein, not related to APCS, that is recognized by the a-pAPCS5 S195 Ab
during mitosis. For this reason, we decided to test the ability of the a-pAPC5 S195 Ab to
recognise this immunoreactive species following APC5 knock-down by RNAi. To do this,
asynchronous and mitotically-arrested RPE-1 and HeLa cells were treated for 24 hours with
a siRNA targeted against APCS5, or alternatively, treated with a control, non-silencing siRNA
for the same length of time. The levels of APCS5, as well as the levels of APC3 and Cyclin

B1, were then tested by Western blotting (Fig. 5.2 A and B).
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Figure 5.2: The a-pAPCS S195 Ab recognizes APCS5 specifically. Asynchronous (AS) and
mitotically-arrested (Noco) RPE-1 (A) and HeLa (B) cells were treated with an siRNA
against APC5 (siAPC5) or with a control siRNA (siCTRL) for 24 hours and then harvested
in UTB lysis buffer. 50pug of total protein was separated by SDS-PAGE, transferred to a
nitrocellulose membrane and the levels of APC5 were determined by Western blotting with
two different antibodies (APC5 #4 and pAPC5 S195); the levels of APC3 and Cyclin Bl
were also determined. The levels of B-actin were used as a loading control. This data is
representative of three individual experiments.

Western blotting results established that the typical slower migrating mitotic form of APC3

and its hypophosphorylated derivative present in asynchronous cells, were not affected by
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APCS knockdown, relative to siCTRL samples (panel i, Fig. 5.2 A and B). Similarly, Cyclin
B1 levels accumulated in mitotically-arrested cells and were not compromised following
siAPCS treatment, relative to siCTRL samples (panel iv, Fig. 5.2 A and B), indicating that
APCS5 knockdown does not have an effect on the overall levels of this protein. In contrast,
APCS5 protein levels were completely abrogated, both in asynchronous and in mitotically-
arrested cells, following the siRNA treatment directed against APCS5 (panel ii and iii, Fig.
5.2 A and B). Crucially, in this regard, the ability of the a-APCS5 #4 mAb to detect non-
phosphorylated APC5 in asynchronous cells, and the ability of a-pAPC5 S195 Ab to
recognise the mitotic form of APCS5, was lost as a consequence of APC5 knock-down,
relative to siCTRL samples (cf lane 1+2 and 3+4, panel ii and iii, Fig. 5.2 A and B). These
data demonstrate therefore, the specificity of the a-pAPC5 S195 Ab for APCS during
mitosis, thus ruling out the possibility that it cross-reacts non-specifically with other proteins

of a similar molecular weight during mitosis.

5.2.4 The a-pAPC5 S195 Ab binds specifically to phosphorylated APC5

To establish further the specificity of our custom-made a-pAPCS5 S195 Ab for the
mitotically phosphorylated form of APCS5, we also performed a protein phosphatase assay,
similar to the one described in chapter 3 (Fig. 3.10), to evaluate whether the a-pAPC5 S195
Ab recognizes phosphorylated APCS5 specifically, and does not recognize the
unphosphorylated APC5 derivative. For this purpose, we co-IP’d APCS5 using an a-APC7
Ab both from asynchronous and mitotically-arrested RPE-1 and HeLa cells, and incubated
IPs with, or without, A-phosphatase (see Sec. 2.2.6, Chapter 2). We then performed a
Western blot to examine the effects of A-phosphatase treatment on the levels of pAPCS5 S195,

as well as the levels and changes in the phosphorylation status of APC7 (Fig. 5.3).
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Figure 5.3: The a-pAPC5 S195 Ab recognizes specifically phosphorylated APCS.
Lysates from asynchronous (AS) and mitotically-arrested (Noco) RPE-1 (A) and HeLa (B)
cells were harvested in APC/C lysis buffer. An equal amount of total protein was incubated
overnight at 4°C with an APC7 (a-APC7) Ab or with a normal rabbit IgG (a-IgG), followed
by 3h incubation at 4°C with Protein G Sepharose beads. Following IP, Protein G beads were
incubated for 1h at 30°C in the presence or absence of A-phosphatase. IPs, together with
50ug of total protein lysate were separated by SDS-PAGE, transferred to a nitrocellulose
membrane and the levels of pAPCS and APC7 were detected by Western blotting. Longer
exposure (LE) is shown to visualize lysate. This data is representative of three individual
experiments.

Western blot analyses revealed that APC7 was immunoprecipitated efficiently from both
cell lines from asynchronous and mitotically-arrested cells, validating our experimental
protocol (panel i, Fig. 5.3 A and B). No differences were observed in the overall levels, or

migration pattern, of APC7 following A-phosphatase treatment (cf lane 3+4 and 5+6 panel i,

Fig. 5.3 A and B). These data suggest that dephosphorylation of APC7 has no effect on the

161



binding affinity of the a-APC7 Ab for its antigen. In contrast, however, A-phosphatase
treatment abolished completely the binding avidity of the a-pAPC5 S195 Ab for its antigen
in mitotically-arrested RPE-1 and HeLa cells (panel ii, Fig. 5.3 A and B). This APCS5 species
was also detected at low levels in asynchronous RPE-1 and HeLa cells, presumably
reflecting the higher mitotic index of these cells; long exposures are presented to see APCS
immunoreactivity in cell lysates (cf panel ii and iii, Fig. 5.3 B). Overall, these data establish
that the a-pAPCS5 S195 Ab recognizes specifically the mitotically-phosphorylated form of
APCS5, making it a suitable tool to interrogate the phosphorylation status of endogenous

APCS5 during mitosis.

5.3 Detection of APC5 S195 phosphorylation under physiological conditions

5.3.1 Detection of phosphorylated APC5 S195 species during mitosis

Having confirmed formerly that the o-pAPC5 S195 Ab recognizes specifically the
phosphorylated form of APC5 and does not recognize other proteins of the same molecular
weight in mitosis (Fig. 5.1 and 5.2), we wanted to continue our investigation looking at
APC5 S195 phosphorylation during mitotic progression. For this reason, we repeated the
nocodazole release experiments described previously (Sec. 3.2, Chapter 3). Thus, following
nocodazole-release and serum re-addition we harvested our cells at different time points to
follow APC5 phosphorylation during mitotic progression by Western blotting using our
specific a-pAPC5 S195 Ab (Fig. 5.4 A and B). Akin to the other nocodazole-release
experiments conducted so far, we also looked at the levels of the APC/C substrates Cyclin
B1 and PIkl, as well as at the levels and at the phosphorylation status of APC3 to follow

cells as they exited mitosis (Fig. 5.4 A and B).
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Figure 5.4: APCS S195 is phosphorylated specifically during mitosis. RPE-1 (A) and
HeLa (B) cell lysates from asynchronous (AS), nocodazole-arrested cells (Noco) and cells
released from the mitotic arrest at different time-points were harvested in UTB lysis buffer.
50ug of total protein was separated by SDS-PAGE, transferred to a nitrocellulose membrane
and the binding avidity of APCS5 #4 mAb and a-pAPC5 S195 Ab for their antigens, as well
as the levels of APC3, Cyclin B1 and Plk1 were determined by Western blotting. The levels
of B-actin were used as a loading control. This data is representative of three individual
experiments.
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As anticipated a higher molecular weight band for APC3 was detected in mitotically-arrested
cells compared to asynchronous cells, which was gradually reduced as cells progressed
through mitosis (panel i, Fig. 5.4 A and B). Consistent with this, Cyclin B1 and Plk1 levels
were elevated in mitotically-arrested cells compared to asynchronous cells, and they were
progressively lost after the release from nocodazole, in both RPE-1 and HeLa cells (panel iv
and v, Fig. 5.4 A and B). Consistent with earlier observations APC5 was phosphorylated in
mitosis, as noted by the increase in the detection of the phosphorylated APC5 species with
the a-pAPCS5 S195 Ab, and the loss of the APC5 #4 mAb avidity for APC5 in both RPE-1
and HeLa cells (panel ii and iii, Fig. 5.4 A and B). Taken together these results indicate that
the entire APC5 cellular pool is phosphorylated at S195 during mitosis, and increased our

confidence that we could track endogenous APCS5 protein phosphorylation during mitosis.
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To confirm that APCS5 phosphorylation is restricted to mitosis we also repeated our cell cycle
synchronization experiments with different cell cycle drugs (Sec. 3.2.2, Chapter 3). For this
purpose, RPE-1 and HeLa cell lysates were harvested following the synchronization of cells
at the G2/M border with the Cdk1 inhibitor, RO-3306, or following a mitotic arrest with
either nocodazole or taxol; asynchronous cell lysates were also harvested. The
phosphorylation status of APC5 was then detected by Western blotting (Fig. 5.5 A and B).
Cyclin B1, Plk1 and APC3 levels were also determined to establish the effectiveness of the

respective synchronization treatments (Fig. 5.5 A and B).
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Figure 5.5: APCS phosphorylation at S195 is restricted to mitosis. Lysates from
Asynchronous (AS), G2/M-arrested (RO-3306) and mitotic-arrested (Noco/Taxol) RPE-1
(A) and HeLa (B) cells were harvested in UTB Lysis Buffer. 50ug of total protein was
separated by SDS-PAGE, transferred to a nitrocellulose membrane and the phosphorylation
status of APCS5, as well as the levels of APC3, Cyclin B1 and Plkl were all detected by
Western blotting. The levels of B-actin were used as a loading control. These data are
representative of three individual experiments.

As expected, the slower migrating, phosphorylated, form of APC3 was only detected in

mitosis and it was not present in asynchronous cells, or in cells arrested at the G2/M border
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(cflane 1 and 2 with 3 and 4, panel i, Fig. 5.5 A and B). Likewise, Cyclin B1 and Plk1 could
only be detected in mitotically-arrested samples (cf lane 1 and 2 with 3 and 4, panel iv and
v, Fig. 5.5 A and B). Interestingly, the a-pAPC5 S195 Ab only detected APCS5
phosphorylated at S195 in mitotic cells and did not detect any phosphorylated APCS in cells
arrested at the G2/M border; Western blot analyses with the a-APC5 #4 mAb confirmed
these observations (panel ii and iii, Fig. 5.5 A and B). The reason for the apparent loss in
phosphorylated APC5 S195 signal in taxol-arrested RPE-1 cells compared to nocodazole-
treated cells is not clear as phosphorylated APC5 S195 levels are comparable in nocodazole
and taxol-treated HeLa cells (cf lane 3 and 4, panel iii, Fig. 5.5 A and B). Together, these
data establish with certainty that APCS5 S195 is phosphorylated as cells enter and progress

through mitosis, and is not phosphorylated in G2 cells (panel iii, Fig. 5.4 and 5.5 A and B).

5.3.2 Reciprocal co-immunoprecipitation reveals that the a-pAPC5 S195 Ab can be used for
immunoprecipitation

As we have established that the a-pAPCS5 S195 Ab reacts specifically with the
phosphorylated APC5 S195 species during mitosis, we next wanted to determine whether
this Ab could also be used for IP so that we could, ultimately, relate S195 phosphorylation
status to the dynamic APC/C interactome or APC/C PTM’s in mitosis, although we
recognized that IP with the phospho-specific Ab would preclude the identification of
proteins(s) that interact specifically with this phospho-APCS5 S195 residue itself. To evaluate
the ability of the a-pAPC5 S195 Ab for IP, we conducted a series of reciprocal co-IPs
experiments, both in RPE-1 and HeLa cells, in which we tested the ability of the a-pAPC5
S195 Ab to co-IP the APC/C subunit, APC7 from asynchronous and mitotically-arrested

cells. In this regard we performed reciprocal IP’s with the a-APC7 Ab to establish the
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efficiency of the a-pAPCS5 S195 Ab to IP the APC/C holoenzyme in both cell lines (Fig. 5.6

and 5.7 A and B).
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Figure 5.6: The a-pAPCS S195 Ab is suitable for IP in RPE-1 cells. Lysates from
Asynchronous (AS) and mitotically-arrested (Noco) RPE-1 cells were harvested in APC/C
lysis buffer. An equal amount of total protein from AS and Noco cells was incubated
overnight at 4°C either with the pAPCS5 S195 specific Ab (a-pAPCS5, A), with an APC7
specific Ab (a-APC7, B) or with normal rabbit IgG (a-IgG, A and B) followed by 3h
incubation at 4°C with Protein G Sepharose beads. Immunoprecipitated proteins and 50ug
of total protein (Lysate) was separated by SDS-PAGE, transferred to a nitrocellulose
membrane and the levels of pAPCS5 S195 and APC7 were detected by Western blotting.
These data are representative of three individual experiments.

Western blotting results revealed the presence of a band corresponding to the pAPCS S195
species present mostly in mitotically-arrested cells with little, or no signal for
phosphorylated APCS5 in asynchronous cell lysates (panel i, Fig. 5.6 A). Interestingly, the o.-
pAPCS5 S195 Ab also co-IP’d APC7 suggesting that this phosphorylated APC5 species is a
component of the APC/C (panel ii, Fig. 5.6 A). In support of this notion, the a-APC7 Ab
co-immunoprecipitated the pAPC5 S195 species specifically from mitotic cells (panel ii,
Fig. 5.6 B). Although the efficiency of the a.-pAPCS5 S195 to IP APC7, was reduced relative
to the a-APC7 Ab it did co-IP a proportion of the APC/C complex. Taken together, these
data suggest that the a.-pAPCS5 S195 Ab is suitable for conducting IP experiments (Fig. 5.6

A and B).
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Figure 5.7: The a-pAPCS S195 Ab is suitable for IP in HeLa cells. Lysates from
Asynchronous (AS) and mitotically-arrested (Noco) HeLa cells were obtained by incubation
in APC/C lysis buffer. An equal amount of total protein from AS and Noco cells was
incubated overnight at 4°C either with the pAPCS5 S195 specific Ab (a-pAPCS, A), with an
APC7 pAb (a-APC7, B) or with normal rabbit IgG (a-IgG, A and B) followed by 3h
incubation at 4°C with Protein G Sepharose beads. Immunoprecipitated proteins and 50ug
of total protein (Lysates) was separated by SDS-PAGE, transferred to a nitrocellulose
membrane and the levels of pAPCS5 S195 and APC7 were detected by Western blotting.
These data are representative of three individual experiments.

Similar results were also observed following reciprocal co-IP experiments conducted in
HeLa cells (Fig. 5.7 A and B). Indeed, IP’s with the a-pAPC5 S195 Ab clearly indicated its
ability to pulldown APC7 from both asynchronous and nocodazole-arrested cells (panel ii,
Fig. 5.7 A). As before, a low amount of phosphorylated APC5 S195 was also
immunoprecipitated from asynchronous cells, consistent with the presence of mitotic cells
in asynchronous HeLa cultures (panel 1, Fig. 5.7 A). As for RPE-1 cells, the ability of the a.-
pAPC5 S195 Ab to IP the APC/C was reduced relative to the ability of the a-APC7 Ab but

demonstrated clearly its ability to co-IP APC7 (panel ii, Fig. 5.7 B).

Overall, the results of these experiments confirmed the suitability of the a-APC5 S195
phospho-Ab for IP, even though its efficiency was lower than the a-APC7 Ab (Fig. 5.6 and

5.7, A and B).
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5.4 a-pAPC5 S195 Ab as a tool to investigate the kinase responsible for APC5
phosphorylation at S195

Given that we can track APC5 S195 phosphorylation directly with the a.-pAPCS S195 Ab
we also decided to repeat the series of experiments presented in Chapter 3 that attempted to

identify the mitotic kinase(s) that targeted S195 for phosphorylation during mitosis (Fig.

3.16-3.18).

5.4.1 Cdk1 inhibition reduces the levels of the pAPC5 S195 species in mitosis

To re-assess the requirement for Cdk1 in APCS5 S195 phosphorylation during mitosis, lysates
previously obtained from RPE-1 cells synchronized in mitosis by treatment with nocodazole
and treated with the Cdk1 kinase inhibitor RO-3306, either in the presence, or absence, of
the 26S proteasome inhibitor MG132 for 2h and 4h, were used for Western blotting and the
evaluation of APC5 phosphorylation status using the a-pAPC5 S195 Ab. Please note that
this figure was generated by combining the pAPCS5 blot with blots presented in Chapter 3

(Fig. 3.16 and 5.8).

168



RPE-1

, #9 - <o+ PAPC3

''ee @ W - Arc3

i G-~ enen ~ WG - Apcs

i e — <« pAPC5 5195

v ee WWes g <CvBl

v Sew® & r

i SR - ="
9uM RO-3306 2 -+ + - + +
10uM MG132 - -t = - 4

= <
o~ <

10uM nocodazole

Figure 5.8: Cdk1 inhibition attenuates APCS phosphorylation in nocodazole-arrested
cells. Lysates from asynchronous (AS), mitotically-arrested cells (lane 2 and 5), mitotically-
arrested cells treated with 9uM RO-3306 for 2h and 4h (lane 3 and 6) and mitotically-
arrested cells treated with 9uM RO-3306 and 10uM MG132 for 2h and 4h (lane 4 and 7)
were harvested in UTB lysis buffer. 50ug of total protein was separated by SDS-PAGE,
transferred to a nitrocellulose membrane. The phosphorylation status of APC5 was detected
by the inability of the a-APC5 mAb #4 to bind its epitope when phosphorylated, and the
ability of the a-pAPC5 S195 Ab to recognize pAPCS. The phosphorylation status of APC3
was used both as a control for the mitotic arrest and as a control for Cdk1 inhibition. The
levels of CycB1 and Plk1 were used as controls for APC/C activity and the levels of B-actin
were used as a loading control. The blots corresponding to APC3, APCS #4, CycB1, Plkl
and B-actin are taken by Fig. 3.16, whereas pAPCS5 S195 is specific to this figure. This data
is representative of three individual experiments.

As discussed extensively in Chapter 3 (Sec. 3.7.1, Chapter 3), Cdk1 inhibition of mitotically-
arrested cells causes the phenomenon of mitotic escape even in the presence of nocodazole,
which can be overcome by the concomitant addition of MG132. Consistent with these
properties, in the absence of the 26S proteasome inhibitor the levels of Cyclin B1 and Plk1,
as well as the APC3 hyperphosphorylated form, were very low when Cdkl activity was
inhibited. However, the levels of the APC/C substrates remained high when MG132 was
also added, indicating a cellular mitotic arrest under conditions where Cdk1 was inhibited
(panel i, iv and v, Fig. 5.8). The efficiency of the Cdkl inhibition treatment under these

circumstances was also confirmed by the loss of APC3 phosphorylation after 2h and 4h

169



when MG132 was also present, as hyperphosphorylation of APC3 is due to Cdkl mitotic
activity (panel 1, Fig. 5.8) (Fujimitsu et al., 2016, Golan et al., 2002). In these conditions, we
could observe the recovery of the APCS5 signal detected by the a-APC5 mAb #4, which we
related to the loss of APC5 mitotic phosphorylation when Cdk1 kinase is inhibited (panel ii,
Fig. 5.8 and Sec. 3.7.1, Chapter 3). Consistent with these observations the a-pAPC5 S195
Ab did not detect pAPC5 when Cdkl was inhibited confirming our hypothesis that Cdk1
participates in the phosphorylation of APC5 S195 during mitosis (cf lane 2+4 and 5+7, panel

iii, Fig. 5.8) though whether this is direct, or indirect remains to be established.

5.4.2 Plk1 inhibition reduces the levels of the pAPC5 S195 species in mitosis

To confirm our data on the potential role played by the mitotic kinase Plkl in the
phosphorylation of APC5 during mitosis, we re-ran samples from the experiment presented
in Chapter 3, where Plk1l was inhibited during mitosis either in the presence, or absence, of
the 26S proteasome inhibitor, MG132 (Sec. 3.7.2, Chapter 3). Thus, lysates obtained by
treatment of RPE-1 cells with nocodazole and with the Plk1 inhibitor BI-6727, in presence,
or absence, of MG132 for 2h and 4h, were separated by SDS-PAGE and subjected to
Western blotting to determine the levels of the pAPCS5 S195 species. The results of these
analyses are presented alongside previous Western blots for APC3, Cyclin B1, Plk1 and -

actin (Fig. 3.17 and Fig. 5.9).
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Figure 5. 9: PIk1 inhibition attenuates APCS phosphorylation in nocodazole-arrested
cells. Lysates from asynchronous (AS), mitotically-arrested cells (lane 2), mitotically-
arrested cells treated with 250nM BI-6727 for 2h and 4h (lane 3 and 5) and mitotically-
arrested cells treated with 250nM BI-6727 and 10uM MG132 for 2h and 4h (lane 4 and 6)
were harvested in UTB lysis buffer. 50ug of total protein was separated by SDS-PAGE and
then transferred to a nitrocellulose membrane. The phosphorylation status of APC5 was
detected by the inability of the a-APCS5 mAb #4 to bind its epitope when phosphorylated,
and the ability of the a-pAPC5 S195 Ab to recognize pAPCS5. The levels of APC3, CycB1
and Plk1 were used as controls for APC/C activity, whereas the levels of B-actin were used
as a loading control. The blots corresponding to APC3, APC5 #4, CycBl1, Plk1 and B-actin
are taken by Fig. 3.17, whereas pAPC5 S195 is specific for this figure. This data is
representative of three individual experiments.

As discussed previously in Chapter 3, Western blotting results revealed that cells arrested in
mitosis with nocodazole remained in mitosis when Plk1 was inhibited with BI-6727, and did
not exit mitosis. Indeed, APC/C substrates Cyclin B1 and Plkl remained elevated in the
presence of BI-6727, and APC3 remained hyperphosphorylated (panel i, iv and v, Fig. 5.9
and Sec. 3.7.2, Chapter 3). Consistent with a role for Plk1 in the phosphorylation of APC5
S195, PIkl inhibition restored the ability of o-APC5 mAb #4 to recognise the
unphosphorylated form of APCS5, whilst Western blotting with the a-pAPC5 S195 Ab

determined that the levels of pAPC5 S195 were reduced dramatically when Plkl was
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inhibited (panel ii and iii, Fig. 5.9; panel ii Fig. 3.17). These data indicate that Plk1 has a

role in the phosphorylation of S195 during mitosis.

5.4.3 Aurora B inhibition greatly reduces pAPC5 S195 protein levels in mitosis

Akin to the Cdk1 and Plk1 inhibitor studies we also re-assessed the role of Aurora B kinase
in the mitotic phosphorylation of APCS5 (Sec. 3.7.3, Chapter 3). As such, RPE-1 cells lysates
obtained by treatment with nocodazole followed by the addition of the Aurora B kinase
inhibitor Hesperadin, either in presence or absence of MG132, collected 2h and 4h post-
treatment, were used to determine the levels of the pAPC5 S195 protein species using the o.-
pAPCS5 S195 Ab. The results of these analyses are presented alongside previous Western

blots for APC3, Cyclin B1, Plk1 and B-actin (Fig. 3.18 and Fig. 5.10).
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Figure 5. 10: Aurora B attenuates APCS phosphorylation in nocodazole-arrested cells.
Lysates from asynchronous (AS), mitotically-arrested cells (lane 2), mitotically-arrested
cells treated with 10uM Hesperadin for 2h and 4h (lane 3 and 5) and mitotically-arrested
cells treated with 10uM Hesperadin and 10uM MG132 for 2h and 4h (lane 4 and 6) were
harvested in UTB lysis buffer. 50pg of total protein was separated by SDS-PAGE and
transferred to nitrocellulose. The phosphorylation status of APCS5 was detected by the
inability of the a-APC5 mAb #4 to bind its epitope when phosphorylated, as well as using
the a-pAPC5 S195 Ab. The levels of APC3, CycB1 and Plkl were used as controls for
APC/C activity, whereas the levels of B-actin were used as a loading control. The blots
corresponding to APC3, APC5 #4, CycBl, Plkl and B-actin are taken from Fig. 3.18,
whereas pAPCS5 S195 is specific for this figure. This data is representative of three individual
experiments.

As discussed in Chapter 3, the experimental procedure adopted allowed for the successful
inhibition of the Aurora B kinase in mitotically-arrested cells in the presence of the 26S
proteasome inhibitor, MG132. Indeed, in the presence of Hesperadin and nocodazole alone,
cells escaped mitosis as evidenced by the low levels of Cyclin B1, Plk1 and Aurora B after
2h and 4h compared to cells only treated with nocodazole (panel iv, v and vi, Fig. 5.10).
However, upon addition of MG132 these APC/C substrates were elevated, suggesting the
successful arrest of cells in mitosis when Aurora B was inhibited (panel iv, v and vi, Fig.
5.10). Under these circumstances, APC3 was hypophosphorylated in all samples regardless

by the presence of MG132, or not (panel i, Fig. 5.10). These data suggest that like Cdk1
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(Golan et al., 2002, Fujimitsu et al., 2016) Aurora B kinase contributes towards APC3
phosphorylation in mitosis (panel i, Fig. 5.10). Pertinent to our investigation, APC5
phosphorylation was also lost in mitotically-arrested cells when Aurora B was inhibited, as
indicated by the recovery of the signal for the a-APC5 mAb #4 and the loss of pAPC5 S195
using the phospho-specific Ab, particularly 4h post-treatment (panel ii and iii, Fig. 5.10).
These data suggest that Aurora B also plays a role in APC5 S195 phosphorylation during

mitosis.

5.5 a-pAPC5 S195 Ab binding avidity for the FLAG-APC5 S195A, S195D, T232A and
T232E phospho-mutants in mitosis

As the a-pAPC5 S195 Ab can detect the pAPCS5 S195 species under physiological
conditions by Western blotting, we decided to exploit this feature to investigate its binding
avidity for the FLAG-APCS5 phospho-mutants generated previously (Sec. 4.2.1, Chapter 4).
In this regard we aimed to evaluate whether FLAG-APCS5 S195A and FLAG-APCS5 S195D
that represent the constitutively unphosphorylated and phosphorylated derivatives of S195,
respectively, are recognized by the phospho-specific Ab. In a similar scenario we also
decided to test whether the a-pAPC5 S195 Ab would recognize the FLAG-APCS T232A
and T232E phospho-mutants in mitosis (Sec. 4.2.2, Chapter 4), which would assess directly
the requirement for T232 phosphorylation in the regulation of S195 phosphorylation. Indeed,
Plk1 phosphorylation of its substrates is often dependent upon the substrates prior
phosphorylation by Cdkl1 at a site proximal to the residues phosphorylated directly by Plk1
(Elia et al., 2003a, Jang et al., 2002). As APC5 T232 is a potential Cdk1 site that was found

to be phosphorylated during mitosis in a previous mass spectrometric screen (Steen et al.,
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2008), this question seemed highly pertinent to understanding the regulation of S195

phosphorylation.

5.5.1 The a-pAPC5 S195 Ab does not recognize the S195A and S195D mutants

To investigate whether S195A and S195D are recognized by the a-pAPCS5 S195 Ab we
performed an IP assay using our FLAG-APC5 WT, S195A and S195D U20S FRT cell lines,
that had been arrested in mitosis by nocodazole. Lysates obtained from mitotically-arrested
cells were incubated with a mouse a-FLAG specific Ab directed towards the FLAG-APC5
species or with a mouse a-IgG control Ab. We then precipitated the immunocomplexes on
Protein G Sepharose beads and performed Western blotting to determine the binding avidity
of the a-pAPC5 S195 Ab for the FLAG-APCS WT, FLAG-APCS S195A and FLAG-APC5

S195D species (Fig. 5.11).

FLAG-APC5 WT #13, S195A #8 and S195D #3
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Figure 5. 11: The pAPCS5 S195 Ab does not recognize the APC5 S195A and S195D
phospho-mutants. Lysates from mitotically-arrested FLAG-APC5 WT (WT), FLAG-
APC5 S195A (S195A) and FLAG-APCS5 S195D (S195D) U20S FRT cells were subject to
immunoprecipitation with a FLAG specific Ab (a-FLAG) or with normal mouse IgG (a.-
IgG) followed by isolation of the immunocomplexes with Protein G Sepharose beads.
Immunoprecipitated proteins and 50ug of total protein (Lysate) were separated by SDS-
PAGE, transferred to a nitrocellulose membrane and the levels of FLAG-APCS5 and pAPC5
S195 were detected by Western blotting. These data are representative of three individual
experiments.
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Western blot analysis revealed that the FLAG-APCS5 species were successfully
immunoprecipitated in all the cell lines employed, as indicated by the strong
immunoreactivity of the a-FLAG Ab in our Western blot (panel i, Fig. 5.11). However,
further analyses revealed that the a.-pAPCS S195 Ab was only able to react with the FLAG-
APC5 WT species and did not recognize S195A or S195D (panel ii, Fig. 5.11). The loss of
binding for the FLAG-APCS5 S195A species was not surprising as the substitution of the S
residue with an A prevents phosphorylation at this site (panel ii, Fig. 5.11). The loss of
FLAG-APCS S195D reactivity was similarly not unexpected, as previous studies have
indicated whilst S to D changes can sometimes mimic biological activities of phosphorylated
S residues, D is not similar enough, structurally, to pS to be recognized by phospho-specific
antibodies (panel ii, Fig. 5.1) (Pearlman et al., 2011); The lack of detection of pAPC5 S195
in the WT lysate presumably reflects the fact that we used 2 mg of lysate for

immunoprecipitation and only 50 pg for the lysate input (cf lane 4 and 7, Fig. 5.11).

5.5.2 APC5 mitotic phosphorylation at S195 does not seem to be dependent upon Cdkl
phosphorylation of T232

To evaluate the requirement for T232 phosphorylation by Cdk1, as a pre-requisite for S195
phosphorylation, we isolated FLAG-APCS5 WT, T232A and T232E species (described in
Sec. 4.2.2, Chapter 4) from mitotically-arrested U20S FRT cells by immunoprecipitation

and analysed APC5 S195 phosphorylation directly by Western blot (Fig. 5.12).
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Figure 5. 12: Investigating the requirement for APCS5 T232 phosphorylation in the
regulation of S195 phosphorylation. Lysates from mitotically-arrested FLAG-APC5 WT
(WT), FLAG-APCS T232A (T232A) and FLAG-APCS T232E (T232E) U20S FRT cells
were subject to immunoprecipitation with a FLAG specific Ab (a-FLAG) or with normal
mouse IgG (a-IgG) followed by isolation of the immunocomplexes with Protein G
Sepharose beads. Immunoprecipitated proteins and 50ug of total protein (Lysate) were
separated by SDS-PAGE, transferred to a nitrocellulose membrane and the levels of FLAG-
APCS5 and pAPCS5 S195 were detected by Western blotting. These data are representative of
three individual experiments.

Western blot analyses revealed that the a-FLAG Ab immunoprecipitated FLAG-APC5
species efficiently from all cell lines employed (panel i, Fig. 5.12). Analyses revealed that
the WT APCS species was phosphorylated on S195, whilst mutation of T to A at residue 232
did not affect the ability of this species to be phosphorylated at S195 during mitosis (panel
i1, Fig. 5.12). In contrast the putative, phospho-mimicking FLAG-APCS5 T232E species,
inhibited S195 phosphorylation during mitosis (panel ii, Fig. 5.12). These data, potentially,
suggest that Cdk1 phosphorylation of T232 inhibits APC5 S195 phosphorylation, which is
in contrast to the published role of Cdk1-directed phosphorylation as a requirement for Plk1-
targeted phosphorylation (Elia et al., 2003a, Elia et al., 2003b, Jang et al., 2002). As both
S195 and T232 are known to be phosphorylated in mitosis (Herzog et al., 2005, Steen et al.,
2008, Hegemann et al., 2011) this experiment suggests that the mitotic phosphorylation of

S195 and T232 in APCS are coordinated temporally.
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5.6 Investigating the cellular localization of pAPC5 S195 by immunofluorescence

As the a-pAPC5 S195 Ab worked well for Western blotting and immunoprecipitation we
next investigated whether this reagent could be used in immunofluorescence to determine
the cellular localization of pAPC5 S195 during mitosis as this might give valuable new

insight into APC/C function during mitosis.

5.6.1 pAPC5 S195 localizes at centrosomes during prophase and metaphase and migrates to
midbodies following anaphase in RPE-1 and Hela cells

To determine the specific cellular location of the pAPC5 S195 species during mitosis we
grew RPE-1 and HeLa cells on 12-well slides, and then fixed and permeabilized them in
methanol at -20°C for 15 min prior to their primary incubation with the specific a-pAPC5
S195 Ab and subsequent incubation with an o-rabbit Alexa Fluor-488 secondary Ab (see
Sec.2.4.1, Chapter 2). Slides were then mounted on to a coverslip with the DAPI-containing
Vectashield and visualized with a Nikon Y-FL epi-fluorescent microscope to ascertain the
specific localization of the pAPCS5 S195 species during the different mitotic stages (Fig. 5.13

A and B).
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Figure 5.13: Phospho-APCS S195 localizes at centrosomes and the midbody during
mitosis in both RPE-1 and HeLa cells. RPE-1 (A) and HeLa (B) cells grown on 12-well
slides were fixed and permeabilized in methanol. pAPCS localization was detected by IF
using the rabbit o-pAPCS S195 primary Ab and an Alexa Fluor-488 secondary Ab. Slides
were mounted in DAPI-containing Vectashield and then visualized with the Nikon Y-FL
epi-fluorescent microscope. These data are representative of three individual experiments.

The results of these experiments were striking. Indeed, not only we were able to successfully
visualize a clean green signal corresponding to the pAPC5 S195 species, we could clearly
establish the localization pattern for the pAPCS5 S195 species during the different mitotic
phases both in RPE-1 and HeLa cells (Fig. 5.13 A and B). It was apparent that the phospho-
APCS5 species was detectable during prophase and metaphase where it appeared to localize
with centrosomes and where it stayed until anaphase onset (panel Prophase, Metaphase and

Anaphase, Fig. 3.13 A and B). Interestingly, these studies also revealed that following
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metaphase-to-anaphase transition, pAPC5 S195 migrates towards the area between the
segregating chromosomes, to eventually occupy the transient structures, in the midzone
between dividing cells, known as midbodies (panel Telophase, Fig. 5.13 A and B). This
localization pattern was aided by the visualization of DNA by the nuclear stain, DAPI (panel
Prophase, Metaphase, Anaphase, Telophase, pAPC5 S195 and DAPI-Merged, Fig. 5.13 A
and B). Overall, these data revealed that pAPCS5 S195 has a distinctive and specific

localization pattern during mitosis.

5.6.2 pAPC5 S195 co-localizes with APC/C substrates Plkl and PRC1 during mitosis

Given the results obtained using the whole-field epi-fluorescent microscope, which
disclosed precious information about the specific localization of the pAPC5 S195 species
during mitosis, we initiated a new series of studies to evaluate whether pAPC5 S195 species
co-localized with known centrosomal markers and APC/C substrates. In this regard, it is
interesting to note that centrosomes represent the main region where Cyclin B1 degradation
occurs once the SAC is satisfied at metaphase (Jackman et al., 2003). The localization of
pAPCS5 S195 species to the midbody is also interesting, in so far as there are no reports to
date suggesting that the APC/C is recruited to these sites, but it is known that a number of
APC/C substrates are recruited to midbodies during telophase, including the mitotic kinase
Plk1, PRCI and Anillin (Zhao and Fang, 2005, Mollinari et al., 2002, Adriaans et al., 2019,
Lindon and Pines, 2004). As such, the presence of the pAPC5 S195 protein species at these
sites might relate to the role of the APC/C in targeting these proteins for degradation at the
end of mitosis. To investigate the colocalization of pAPC5 S195 with centrosomes and
APC/C substrates, RPE-1 cells were grown on 12-well slides, fixed and permeabilized in

methanol, and co-stained with the a.-pAPCS S195 rabbit Ab and mouse Abs directed towards

a-tubulin, y-tubulin, Plk1 and PRCI. Slides were then incubated with appropriate Alexa-
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Fluor 488 and 594 secondary Abs. Images were collected using the Zeiss LSM780 confocal
microscope in order to evaluate co-localization of the pAPC5 S195 protein with centrosomal

markers and APC/C substrates (Figs. 5.14-5.17).

Confocal microscopy confirmed the distribution pattern of the pAPCS5 S195 established
previously (Fig. 5.13). pAPC5 S195 co-localized with both o and y-tubulin, and particularly
y-tubulin at centrosomes during prophase and metaphase until anaphase onset, though a
small proportion of pAPCS S195 was also detectable, in some instances, at centrosomes
during anaphase (Fig. 5.14 and 5.15,). Upon anaphase onset the phosphorylated APC5 S195
species relocalized to the midzone between segregating chromosomes, and during telophase,
the entire cellular pool of pAPC5 S195 appeared to be localized to midbodies (panel, Fig.

5.14 and 5.15).
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Figure 5.14: pAPCS localizes at centrosomes until metaphase-to-anaphase transition
and then translocates to the midzone at anaphase and midbody during telophase. RPE-
1 cells grown on 12-well slides were fixed and permeabilized in methanol. pAPC5
localization was detected using the rabbit a-pAPC5 S195 primary Ab and a rabbit Alexa
Fluor-488 secondary Ab, whilst an a-tubulin mAb raised in mice and a mouse Alexa Fluor-
594 secondary Ab were used to detect a-tubulin. DNA staining was observed with DAPI;
stained cells were visualized with the Zeiss LSM780 confocal microscope. These data are
representative of three individual experiments.
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Figure 5.15: pAPCS localizes at the centrosomes until metaphase-to-anaphase
transition and translocates to the midbody during telophase. RPE-1 cells grown on 12-
well slides were fixed and permeabilized in methanol. pAPC5 localization was detected
using the rabbit a-pAPC5 S195 primary Ab and a rabbit Alexa Fluor-488 secondary Ab,
whilst a y-tubulin mAb raised in mice and a mouse Alexa Fluor-594 secondary Ab were used
to detect y-tubulin. DNA staining was observed with DAPI; stained cells were visualized
with the Zeiss LSM780 confocal microscope. These data are representative of three
individual experiments.

Further co-localization studies revealed that pAPC5 S195 co-localized with the mitotic
kinase, Plk1 during metaphase, anaphase and telophase (Fig 5.16). Closer inspection of Plk1
and pAPC5 S195 co-localization during telophase suggested that these proteins did not
exactly co-localize but were found juxtaposed in the area of the midbody, with Plkl
concentrated in the central region of the midbody and the pAPCS S195 species occupying

the flanking regions (Fig 5.16). Taken together, these data suggest a close, functional

183



relationship between pAPCS5 S195 and Plkl during mitosis that warrants further

investigation.
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Figure 5.16: pAPCS S195 colocalizes with Plk1 during mitosis. RPE-1 cells grown on 12-
well slides were fixed and permeabilized in methanol. pAPC5 localization was detected
using the rabbit a-pAPC5 S195 primary Ab and a rabbit Alexa Fluor-488 secondary Ab,
whilst a Plk1 mAb raised in mice and a mouse Alexa Fluor-594 secondary Ab were used to
detect Plk1. DNA staining was observed with DAPI; stained cells were visualized with the
Zeiss LSM780 confocal microscope. These data are representative of three individual
experiments.
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As the APC/C substrate PRC1 is a known regulator of cytokinesis and aids the translocation
of Plkl to the midbodies after anaphase onset, through its ability to move along the
microtubules (Neef et al., 2007, Petronczki et al., 2008), we also investigated whether

pAPC5 S195 co-localizes with PRC1 during mitosis. Confocal microscopy revealed that
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PRC1 does not localize at the centrosomes during prophase and metaphase, but it is instead
associated with microtubules (Fig. 5.17). However, from anaphase onset PRC1 concentrated
in the midzone where it co-localized to some extent with the pAPC5 S195 species (Fig.
5.17). During telophase PRC1 and pAPC5 S195 co-localized absolutely in the midbodies,
suggesting that pAPC5 S195 and PRCI1 are functionally related (Fig. 5.17). Taken together
these co-localization studies have offered new insights into pAPC5 S195 localization, and

putative functions, in mitosis.
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Figure 5.17: pAPCS5 mirrors the APC/C substrate PRC1 distribution in mitosis. RPE-1
cells grown on 12-well slides were fixed and permeabilized in methanol. pAPC5 S195
localization was detected using the rabbit a-pAPC5 S195 primary Ab and a rabbit Alexa
Fluor-488 secondary Ab, whilst a PRC1 mAb raised in mice and a mouse Alexa Fluor-594
secondary Ab were used to detect PRC1. DNA staining was observed with DAPI; stained
cells were visualized with the Zeiss LSM780 confocal microscope. These data are
representative of three individual experiments.
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5.7 Discussion

To fulfil our aim of characterizing APCS5 phosphorylation at S195 during mitosis and shed
light on its effect on APC/C activity, we needed to develop reagents that could monitor
APCS5 phosphorylation directly under physiological conditions. For this reason, we raised
an Ab against an APC5 peptide encompassing the phosphorylated S195 residue that
recognized APC5 pS195 specifically (Sec. 5.2.1). The newly generated Ab was validated
successfully, revealing that it recognised the pAPC5 S195 species specifically in mitosis in
multiple cell lines (Fig. 5.1); specificity was validated further in RPE-1 and HeLa cell lines
(Figs. 5.2 and 5.3). Analyses revealed that APC5 S195 was phosphorylated specifically
occur during mitosis, appearing during prophase and disappearing as cells exited from
mitosis, strengthening our hypothesis that phosphorylation of APC5 S195 was important in
regulating APC/C activity in mitosis (Figs 5.4 and 5.5) (Zhang et al., 2016, Golan et al.,
2002, Kraft et al., 2003). Indeed, we have already discussed the potential role for APC5
mitotic phosphorylation at S195 in the regulation of APC3 and APC1 phosphorylation,
which is necessary for the association of Cdc20 with the APC/C (Sec. 4.5, Chapter 4) (Zhang

et al., 2016, Chang et al., 2014, Fujimitsu et al., 2016).

Given the strategic position of the APC5 subunit within the APC/C structure, where it is in
contact with multiple subunits, including APC8 and APC1 (Chang et al., 2014, Cronin et al.,
2015), it is possible that the mitotic phosphorylation of APC5 S195 contributes to APC/C
activation through alternative mechanisms. In particular, the APCS8 subunit of the APC/C
has been identified as being important in coordinating the recruitment of Cdc20 and Cdhl
to the APC/C, through its C-box domain, which provides an interaction site for these APC/C
activators (Zhang et al., 2016, Alfieri et al., 2016, Matyskiela and Morgan, 2009).

Interestingly, the APCI inhibitory loop masks this C-box domain on APC8 when the APC/C
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is inactivated, but upon mitotic phosphorylation of APC1, the Cdc20/Cdhl binding site on
APCS8 becomes accessible (Zhang et al., 2016, Fujimitsu et al., 2016, Qiao et al., 2016,
Matyskiela and Morgan, 2009). Moreover, association of Cdh1 to the APC/C, which does
not require APC1 phosphorylation, has been shown to occur through a direct interaction
between APC1 and Cdhl, which causes the rotation of APC8 within the APC/C that is
critical for the association of the co-activator with the holoenzyme (Fig. 5.18 ) (Chang et al.,

2014).
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Figure 5. 18: Cdhl association with the APC/C requires conformational changes
involving APC8. (A) Superimposition of the Apo (grey) and ternary complex APC/C-Cdh1-
HSL1 (colour referring to individual subunits) from reconstructed human APC/C at 7.4 A.
Taken from Chang et al. (2014). (B) Schematic representation of the superimposition of Apo
(grey dots) and APC/C-Cdhl-HSL1 ternary complex (black line) showing platform
displacement due to the association with Cdhl. Taken from Chang et al. (2014).

Interestingly, the APCS5 S195 residue is positioned within an unstructured loop region, at the
interface between APC8 and APCS5 (Fig. 5.19 A) (Cronin et al., 2015). As such, APC5
phosphorylation at S195 during mitosis might contribute to the conformational changes
observed in APC8 necessary for the association of Cdc20 and Cdh1 co-activators (Chang et

al., 2014). Unfortunately however, as this region of APCS is unstructured we cannot make
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firm predictions about the role of APC5 pS195 in the association of Cdc20 with APCS Fig.

5.19 B).
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Figure 5. 19: APCS5 loop region encompassing S195 lies within close proximity to APCS.
(A) Electron microscopy image of human APC/C at 7.4 A resolution showing APC1, APC2,
APC4 and APCS subunits. Taken from Chang et al. (2014). (B) Cartoon representation of
the interface region between APC8 and Cdc20 (right) with the APCS5 loop region
encompassing 168-205 amino acids (PBD 5GO05 corresponding to human APC/C EM
structure at 3.4 A, released by Zhang et al. (2016), analysed with Chimera software by the
author.

Intriguingly, a study in fission yeast revealed that the Plk1 orthologue, Plol interacts with
the APCS yeast orthologue, Cut23, and this seems to be critical for APC/C mitotic activity
(May et al., 2002). Indeed, Cut23 mutants impaired in their ability to associate with Plol,
arrested in metaphase, and only by overexpression of Plol could the mitotic arrest be
overridden. As no Plkl phosphorylation sites were identified in Cut23 the authors

hypothesiszed that Cut23 acted as a docking molecule for Plkl which could then
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phosphorylate other APC/C subunits (May et al., 2002). Given the relative positions of
APC5 and APCS8 in the APC/C (Cronin et al., 2015, Chang et al., 2014), and that APC5 S195
conforms to a Plk1 consensus site (Nakajima et al., 2003), it is reasonable to suggest that
APCS5 S195 is phosphorylated by Plk1 during mitosis, through Plk1 interaction with APCS.
However, multiple alignments presented in Chapter 3, suggested that the APC5 S195 residue
was not conserved in Schizosaccharomyces pombe (Fig. 3.21). However, as Clustal Omega
uses algorithms to optimise alignments between all sequences considered, we questioned
whether reducing the number of species in the multiple alignment analysis would give a
better indication as to whether the S195 residue was conserved between human and budding
yeast. We therefore repeated the multiple alignment including only sequences from human,
mouse, Drosophila and Schizosaccharomyces pombe (Fig. 5.20) (Clustal Omega, 2019).

§195
*

APC5 HUMAN RKMEKEEL---DVSVREEEVSCSGPLSQKQAEFFLSQQASLL 223
APC5 MOUSE KQMEKEEL---DVSVREEEVSCSGPLSQKQAEFFLSQQAALL 208
APC5_ DROME DPKPKKKVE--AVARIAQERNPLSKWAPKQAKFFINKQSELL 264
APC5_ SCHPO KTLLOQLAFGSIPVSRSSRDI---EQLTQV-—-———————-— QIE 231

Figure 5. 20: APCS S195 might be conserved in S.pombe in a multiple alignment
containing fewer species. Clustal Omega multiple alignment of the APC5 sequence

showing that the S195 residue in potentially conserved in Schizosaccharomyces pombe
(Clustal Omega, 2019).

Interestingly, the new alignment revealed that S195 might be conserved between the human
and the budding yeast APCS5 protein sequences, suggesting that this residue in
Schizosaccharomyces pombe could theoretically be targeted in mitosis by Plo1 in association
with Cut23 (May et al., 2002). In this regard it would be extremely interesting to establish
whether human APC5 S195 phosphorylation was dependent upon Plk1 association with

APCS.
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Within this chapter we also reported that the pAPC5 S195 Ab was suitable for conducting
IP experiments (Fig. 5.6 and 5.7). Although we cannot use this Ab directly to assess whether
APCS5 pS195 serves as a binding module for an unknown interactor, we anticipate that our
Ab could be used to analyse the PTM status (including phosphorylation) of the APC/C when
S195 is phosphorylated. Protein phosphorylation is often used as a regulatory switch and can
either effect enzymic activity directly or serve to recruit new binding partners by operating
as protein-protein interaction modules (Hunter, 2012, Pearlman et al., 2011). Interestingly,
the fission yeast Cut23 mutants impaired in their association with Plo1, showed a dramatic
reduction in APC/C catalytic activity, as noted by the accumulation in the APC/C substrates
Cyclin B1 and Securin (May et al., 2002). As such, it could be argued that Plkl
phosphorylation of the APC5 S195 site, might serve to create a docking site that recruits

substrates to the APC/C for degradation.

Using the a-pAPC5 S195 Ab we also re-affirmed the proposition that Cdk1, Plk1 and Aurora
B mitotic kinases all contribute to the regulation of APC5 phosphorylation at S195 (Fig. 5.8,
5.9 and 5.10). Indeed, protein phosphorylation during mitosis involves intense crosstalk
between different mitotic kinases (Cuijpers and Vertegaal, 2018). Given our results with the
kinase inhibitors it is possible that Cdkl and Aurora B kinases phosphorylate APC5 S195
independent of Plk1. However, given that S195 conforms to a known Plk1 consensus motif
and Plk1 is known to be recruited to substrates via the ability of its Polo-box to bind
substrates already phosphorylated at other residues (e.g. PRC1 during anaphase) (Neefet al.,
2007), it is perhaps more likely that Cdk1l and Aurora B kinases phosphorylate APC5 upon
other residues, or other APC/C subunits, to facilitate the Plk1-directed phosphorylation of
APCS5 S195. Indeed, Marc Kirschner’s group identified the APCS residue, T232, that lies

within a Cdk1 consensus motif as being phosphorylated in mitotically-arrested cells (Steen
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et al., 2008) that could potentially recruit Plk1. However, data presented in this chapter
suggests that T232 phosphorylation is not a pre-requisite for S195 phosphorylation. In this
regard, whilst our a-pAPCS5 S195 Ab recognized S195 phosphorylation on FLAG-APC5
WT species in mitosis, S195 was not phosphorylated on the T232 phospho-mimetic, FLAG-
APCS5 T232E species, but was phosphorylated on the phospho-inhibitory FLAG-APC5
T232A species, in mitosis (Fig. 5.12). As such, and in contrast to what is known about Cdk1
priming of its substrates (Elia et al., 2003a, Elia et al., 2003b, Neef et al., 2007, Neef et al.,
2003), these data suggest Cdk1-dependent phosphorylation of T232 does not create a Plkl
docking site allowing for the Plk1-dependent phosphorylation of APC5 S195 but might in

fact inhibit S195 phosphorylation (Fig. 5.12).

It is possible therefore that these two APC5 phosphorylation events are mutually exclusive
and occur at different times during mitosis to regulate the APC/C in a temporally-
coordinated manner. For instance, differential phosphorylation of T232 and S195 residues
during mitosis, might differentially affect Cdc20 and Cdh1 association, which are already
known to be cell-cycle dependent (Sivakumar and Gorbsky, 2015). In this regard, Cdhl
association to the APC/C has been shown to be independent upon the phosphorylation status
of APC1 and APC3 (Kataria and Yamano, 2019, Sivakumar and Gorbsky, 2015, Alfieri et
al., 2017), yet Cdhl interacts at the same site on the APC/C as Cdc20 such that other
phosphorylation events on the APC/C might facilitate Cdhl1 association with the APC/C. As
APCS5 phosphorylation at S195 persists until the later stages of mitosis, it is interesting to
speculate that S195 and T232 phosphorylation regulates Cdc20 and/or Cdh1 association and

dissociation with the APC/C.
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Although our a-pAPCS5 S195 Ab recognised the phosphorylated APC5 S195 species during
mitosis, our data revealed that in addition to not recognising the phospho-inhibited mutant
FLAG-APCS S195A species, it similarly, did not recognise the FLAG-APC5 S195D
phospho-mimetic species (Fig. 5.11). These results were not surprising, as it has been
reported previously that phospho-specific Ab’s fail to recognise phosphomimetic amino
acids, D and E, due to differences in their structures relative to phosphorylated S and T
residues (Pearlman et al., 2011). However, the lack of binding affinity of our pAPC5 S195
Ab for the FLAG-APCS5 S195D species, does not exclude the possibility that the FLAG-
APC5 S195D species retains biological activity and will overcome cellular phenotypes

caused by the depletion of endogenous APCS.

Our IF studies allowed us to characterize the cellular localization of the pAPC5 S195 species
during mitosis (Figs. 5.13-5.17). In this regard, we found that the pAPC5 S195 species
localized to centrosomes during prophase through to metaphase whereupon it migrated to
the central furrow after metaphase-to-anaphase transition, and eventually resided at
midbodies during telophase (Figs. 5.13-5.17). As such, pAPCS5 S195 species localization is
coincident with the centrosomal localization of Cyclin B1 during the early stages of mitosis
where Cyclin B1 degradation has also been proposed to occur (Jackman et al., 2003).
Interestingly, the distribution pattern of the pAPC5 S195 species following metaphase-to-
anaphase transition appears to mirror the localization of the mitotic kinase Plkl and its
docking partner, PRC1, both of which, as well as being APC/C substrates, are required for
cytokinesis (Fig. 5.16 and 5.17) (Mollinari et al., 2002, Lindon and Pines, 2004, Petronczki
et al., 2008, Golsteyn et al., 1995). Although our data indicated that pAPC5 S195 species
accumulated at midbodies at the end of mitosis (Figs. 5.13-5.17) the APC/C has not been

previously shown to localize at midbodies, despite the fact that known APC/C substrates,
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PRC1 and Plk1, accumulate at these sites during telophase and cytokinesis. As such, it is our
intention to isolate midbodies and establish whether the APC/C is, in fact, recruited to these
sites to promote substrate degradation. This hypothesis is very appealing, especially
considering that in addition Plk1 and PRC1, other APC/C-Cdhl substrates, such as Anillin,
KiF4 and Aurora B, all accumulate at midbodies during telophase to coordinate cytokinesis
(Zhu and Jiang, 2005, Lindon, 2008, Stewart and Fang, 2005, Minoshima et al., 2003, Zhao

and Fang, 2005).

Given that APC/C-Cdhl association occurs at anaphase onset (Kataria and Yamano, 2019,
Sivakumar and Gorbsky, 2015), it is intriguing that late APC/C-Cdh1 substrates such as Plk1
and PRC1 are still present during telophase. Although there has been some speculation about
the potential role for the APC/C in the regulation of cytokinesis, mainly based on the
differential ordering of late APC/C substrate degradation (Lindon and Pines, 2004), exact
mechanism underlying this process is not known. In this regard, and based on the evidence
that the pAPC5 S195 species mirrors Plkl distribution during mitosis (Fig. 5.16), it is
possible that the Plkl-dependent phosphorylation of APCS5 at S195 will promote APC/C
localization at the midbodies, where it is needed for the degradation of its substrates and for
completion of cytokinesis (Lindon, 2008). Indeed, our co-localization studies with PlkI,
suggest that the pAPCS5 S195 species is found juxtaposed to Plkl at the midbodies,
suggesting that the pAPCS species is excluded from the centre of the midbody (Fig. 5.16),
which might prevent the premature degradation of the APC/C substrates that localize in this
zone. Unfortunately, the fine details of pAPCS S195 localization in the co-localization
experiments were lost, possibly due to a high colour saturation that reduced the resolution

of the telophase images (Fig. 5.14, 5.15, 5.17). As such, we need to refine these analyses to
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determine the precise localization of the pAPC5 S195 species within the midbodies at the

very late stages of mitosis.

Overall, the data presented in this chapter suggests that pAPC5 S195 might play a critical
role throughout mitosis in the regulation of the APC/C. Its localization at centrosomes prior
to metphase-to-anaphase transition suggests that pAPCS5 S195 participates in the degradation
of APC/C-Cdc20 substrates. Moreover, pAPC5 S195 localization to midbodies suggests that
the APC/C plays a direct role in cytokinesis and implies that a novel regulatory system exists
to control APC/C activity during telophase to prevent the premature degradation of late

APC/C substrates.
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CHAPTER 6: FINAL DISCUSSION

6.1 The APC/C: a fascinating world to discover

The APC/C is a master regulator of cell life and ultimately, cell fate. It plays a central role
in the regulation of cell division, where it orchestrates the ordered degradation of maybe,
100+ substrates to ensure the unidirectional progression of cells through the cell cycle
(Sivakumar and Gorbsky, 2015, Peters, 2006, Zhou et al., 2016). Recent studies have
suggested that APC/C activity is regulated by PTMs, such as phosphorylation. It has been
shown that phosphorylation of APC/C subunits promotes APC/C conformational changes
that regulate the overall activity of the holoenzyme (Qiao et al., 2016, Zhang et al., 2016,
Chang and Barford, 2014, Chang et al., 2014). Mass spectrometry has contributed massively
to defining APC/C subunit, and residue-specific, PTMs, revealing the existence of more than
one hundred APC/C phosphorylation sites, many of which are mitotic-specific (Qiao et al.,
2016, Herzog et al., 2005, Steen et al., 2008, Hegemann et al., 2011). Although the
functionality of some of these phosphorylation sites are well-characterized, revealing for
instance the paramount importance of APC3 and APC1 phosphorylation in the mitotic
activation of the APC/C holoenzyme during the early stage of mitosis (Zhang et al., 2016,
Fujimitsu et al., 2016), the role of most of these phosphorylation events, as well as the role

played by many of the APC/C individual subunits, remain unclear (Qiao et al., 2016).

In this regard, the main focus of the present study was to characterize the function of the
APC/C platform subunit, APC5, during mitosis. Our data determined that APC5 function
was absolutely required for mitosis in diploid, TERT-immortalized RPE-1 cells, such that
the RNAi-mediated depletion of APCS was typified by mitotic arrest or significant delays

in mitotic progression (Figs 4.15-4.18). These results are consistent with those reported by
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the MitoCheck project who observed mitotic defects following APC5 knockdown in the
HeLa cervical cancer-derived cell line, as well as with data obtained with the APCS5
Drosophila homologous, ida, where homozygous ida mutants had mitotic defects and some
APC/C substrates were elevated (Neumann et al., 2010, Bentley et al., 2002). Our
investigation was also crucial in establishing that almost the entire cellular pool of APCS is
phosphorylated during mitosis at S195 (Fig. 3.10 and 3.22), suggesting that this PTM event
is crucial in the regulation of APC/C activity during mitosis. Despite studies from the Peters
and Kirschner groups that have suggested that APCS5 is phosphorylated on only two or three
residues during mitosis (Hegemann et al., 2011, Steen et al., 2008), an annotation of multiple
mass spectrometric screens suggest that APCS is subject to extensive residue-specific
phosphorylation and ubiquitylation (Fig 6.1) (PhosphoSitePlus, 2019). The role of these
PTMs remains unknown. As such, it would be valuable to establish, by additional mass
spectrometric studies, whether these phosphorylation events are genuine, and if so,
characterize their effects on APC5 function, in the context of the entire APC/C (Fig. 6.1)

(PhosphoSitePlus, 2019).
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Figure 6. 1: APCS residues modified by PTM. Annotation of multiple mass spectrometric
screens has suggested that APCS is subject to PTM on numerous residues (blue dots
corresponding to phosphorylation; yellow/brown corresponding to ubiquitylation). Taken
from PhosphoSitePlus (2019).

Given that our studies identified S195 as a major target for phosphorylation during mitosis
future investigations should be focused on the functional characterization of this
phosphorylation event in order to clarify its role in the regulation of the APC/C. In this
regard, it will be interesting to establish whether expression of FLAG-APCS5 S195A or
FLAG-APCS5 S195D mutants can rescue the mitotic phenotype observed following APC5
knockdown in RPE-1 cells. Additionally, it would be extremely interesting to make a human
or Xenopus recombinant APC/C complex that incorporates the FLAG-APC5 S195A and
FLAG-APCS S195D mutants such that we could assess their structure and gauge their
ability, in vitro, to target APC/C substrates for degradation (Fujimitsu et al., 2016, Qiao et
al., 2016, Zhang et al., 2016, Alfieri et al., 2016). Indeed, comparison of the cryo-EM
structures of these two recombinant APC/C complexes might be critical in determining the

effects of APC5 S195 phosphorylation on APC/C conformation. In this regard, although the
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S195 APCS residue itself will not be observed, as it exists within a loop region that is not
visible in cryo-EM structures, the effect of APC5 S195 phosphorylation will be imprinted

on the overall structure of the APC/C complex.

Such an approach would also potentially, help characterize the role of APC5 S195
phosphorylation in the temporal activation of the APC/C through APC3 and APCI1
phosphorylation (Fujimitsu et al., 2016, Qiao et al., 2016, Zhang et al., 2016), where we
might be able to assess whether APC5 S195 phosphorylation lies upstream, or downstream
of APC3 and APC1 phosphorylation. Given the intimate association between APC5 and
APC4, which is considered important in the positioning of the APC2 catalytic subunit and
the association of UbcH10 with the APC/C (Cronin et al., 2015), conformational changes
associated with APC5 S195 phosphorylation might also provide interesting insights as to
whether APC5 S195 phosphorylation modulates these effects. Moreover, such structural
analyses would also reveal the effect of APC5 S195 phosphorylation on APCS8
conformational changes which might impact on the ability of Cdc20 and Cdhl to associate
with the APC/C (Chang et al., 2014). APC/C degradation assays with known APC/C
substrates using reconstructed APC/C-APCS S195A and APC/C-S195D complexes, might
also be useful in establishing the functional relevance of this phosphorylation event,
particularly in relation to the phosphorylation status of APC3 and APC1 (Fujimitsu et al.,
2016), and its ability to modulate APC/C association with Cdc20, Cdhl or UbcH10 (Kramer
et al., 2000, Pray et al., 2002). These studies are obviously dependent on the ability of the D
residue to faithfully re-capitulate the effects phosphorylated S residues, which we know,
from other studies is not necessarily a given (Paleologou et al., 2008, Pearlman et al., 2011),
particularly as phospho-specific antibodies do not recognise S residues that have been

changed to D.
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It is well known that protein phosphorylation often creates novel protein-protein interaction
modules that affect protein function (Hunter, 2012, Pearlman et al., 2011). Indeed, APC4
SUMOylation allows for APC/C substrate, KIF18B, to be recruited to the APC/C for
degradation (Eifler et al., 2018). As such, APC5 phosphorylation at S195 during mitosis
might, through interaction with specific substrates, facilitate selectively the degradation of
APC/C substrates and contribute to the hierarchical degradation of APC/C substrates during
mitosis (Davey and Morgan, 2016). Moreover, given that our data suggests that there is an
intimate relationship between APCS5 S195 and T232 phosphorylation, which might be
indicative of fine-tuning of APC/C activity (Fig. 5.12), it might be that T232 phosphorylation
modulates the function of APCS species that are phosphorylated on S195. Whilst we might
be able to use recombinant APC/C complexes to determine the ability of S195 and T232, as
outlined above, to associate with activators, regulators or substrates these studies are open
to interpretation given the structural differences between pS and D and pT and E. Potentially,
a better way to determine if pS195 serves to create a specific binding motif for activators,
regulators or substrates is to perform phospho-peptide pull down assays using an APC5 loop
region peptide that is phosphorylated at the S residue, corresponding to S195; an
unphosphorylated APC5 loop region peptide would serve to discriminate phopsho-specific
binding avidities. This approach has been used successfully, previously (Schulze and Mann,
2004, Tinti et al., 2013). In this regard we would use peptides as bait and cellular extracts
from different mitotic stages as a source of potential interacting proteins. We would then
perform pulldowns coupled to either mass spectrometry for an unbiased approach, or
Western blot analysis with APC/C substrates, activators, or regulators in a more targeted-
approach. These studies would help establish whether APC5 S195 phosphorylation is

important in recruiting cellular proteins to the APC/C.
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The studies detailed in this thesis have been important in establishing that pAPC5 S195
species are localized at centrosomes from prophase until anaphase, and at midbodies at the
late stages of mitosis (Fig. 5.13-5.17). Although, the role of APC/C complexes containing
pAPCS5 S195 species at these locations is unknown it has been established previously that
Cyclin B1 is degraded at centrosomes (Clute and Pines, 1999). As APC/C substrates such as
Plkl and PRCI1, amongst others, accumulate at midbodies and regulate the process of
cytokinesis it might be that APC/C complexes possessing pAPCS5 S195 species might
regulate the degradation of these substrates. Despite this, the APC/C has never been shown
to localize to midbodies. As such our work in this area is novel and might give rise to a new
area of research focused on the investigation of APC/C function at midbodies during
cytokinesis. In this regard, we need to establish, through the isolation of purified midbodies,
the presence of the APC/C holoenzyme at these structures, and more accurately determine,
by confocal microscopy, the relationship between pAPC5 S195 and APC/C substrates. It is
interesting to note, in this regard, that a small but significant proportion of APC5 knockdown
cells failed to undergo cytokinesis following chromosome segregation (Fig. 4. 15). As such,
it would be important to establish whether S195A or S195D APCS species could rescue the

ability of APC5 knockdown cells to undergo cytokinesis.

As discussed in the introduction (Sec. 1.7, Chapter 1), multiple APC/C subunit mutations
are found in numerous cancer types, were they have been postulated to contribute to the
hyperproliferative behaviour of cancer cells, as well as to metastasis and invasion, genome
instability and aneuploidy (Xin et al., 2018, Qiu et al., 2017, Qiu et al., 2016, Kang et al.,
2009). Indeed, predictive phenotype analyses of the many missense mutations identified
within various APC/C subunits in different cancer types, have highlighted their potential to

dysregulate APC/C activity, confirming the role played by the APC/C in the maintenance of
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genome stability (Sansregret et al., 2017). As we have shown that APC5 knockdown
typically results in mitotic arrest or a delay in the ability of cells to progress through mitosis
(Fig. 4.15-4.18), our data might explain why APC5 missense mutations are not commonly
associated with cancer phenotypes (Fig 6.2)(cBioPortal, 2019), as alteration in APC5
functions might represent a disadvantage for cellular proliferation. As can be seen from the
data presented in Fig 6.2, mutations in APCS5 occur at low frequency in a limited number of
cancers, and do not compare to the frequency of mutations in known tumour suppressors,
such as p53 (typically greater than 50% for most human cancers), or oncogenes, such as Ras
(approximately 30% for colorectal cancer). Given, also that mutations are distributed
through APC5 and do not occur at hot-spots, it is unlikely that APC5 mutations are cancer-
causing and more likely that they are passenger mutations that contribute to the cancer
phenotype rather than being a causative agent, or being required for maintenance of the
cancer phenotype; interestingly S195 has not been shown to be mutated in human cancer
suggesting that its inactivation would be detrimental to APC/C activity. There are perhaps,
one or two cancer types however, where the relationship between APC5 and cancer should
be explored in more detail. In particular APCS5 is mutated in almost 6% of uterine cancers
(Figure 6.2). It would be interesting from a structure-function perspective to determine how
individual mutations observed in uterine cancers affect APC/C structure and consequently,
APC/C activity, as it is known that both Cdc20 and UbcH10 overexpression induces cancers
through the hyperactivation of the APC/C (Pallante et al., 2005, Van Ree et al., 2010, Wang

etal., 2018, Wu et al., 2013).
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Studies Combined study (10967 total samples, 32 studies) displaying APC5 mutations in different
human cancers. Colour legend as follows: amplification (red), mutation (green), deletion (blue), multiple
alterations (grey) and fusion (purple). (B) Residues subjected to mutation including 109 missense (green

Figure 6.2: APC5 mutation in human cancer. (A) cBioPortal data taken from TCGA PanCancer Atlas
dots), 26 truncating (black dots) and 1 in-frame mutation. Taken from cBioPortal (2019).



Overall, the studies detailed here have helped characterize further the mitotic functions of
the APC/C at a molecular level, implicating pAPC5 S195 in regulating APC/C function
throughout mitosis from prophase to cytokinesis and identifying potential new roles for the
APC/C in the regulation of mitosis. In consideration of what has been discussed here, future

studies in APCS5 will help define APC5 function during each phase of mitosis.
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