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Abstract

The key element of sister chromatid cohesion (SCC) is the cohesin complex composed of
Smc1, Smc3, Sccl and Scc3 (SAT and SA2 in vertebrates). However, additional proteins such
as Pds5 and Wapl are also known to regulate SCC. Most of our knowledge of Pds5 function
derives from studies in yeasts and humans, and its role in SCC, although explored, remains
unclear. Previous studies have implicated Pds5 in maintaining SCC in budding yeast and
fungi (Sordaria). In Xenopus egg extracts, however, Pds5 is reported to be required for sister
chromatid resolution during prophase. Since the role of Pds5 in regulating SCC in mammalian
cells remains unclear, the aim of this project was to characterize the function of the two
human Pds5 homologues, Pds5A and Pds5B and human Wapl in the regulation of sister

chromatid cohesion.

Here using mammalian cells, | show that the Wapl protein level is cell cycle regulated and
the protein dissociates from chromatin during prophase. In contrast, Pds5A and Pds5B protein
levels are constant throughout the cell cycle and dissociate from chromatin in a consecutive
manner during mitosis. siRNA-mediated depletion of Pds5A, Pds5B and Wapl individually
prevented mitotic chromosome separation and activated the spindle assembly checkpoint
(SAQC), although some cells circumvented the SAC and exhibited mitotic defects. However,
unlike Wapl, depletion of Pds5 proteins was also found to slow S-phase progression and
induce apoptosis through activation of the DNA damage checkpoint. | also found that the
association of Wapl with Pds5A increased after S-phase and continued until Wapl
degradation after mitosis. Inhibition of either Cdkl/cyclin B1 or Plk1 abolished the

association between Wapl and Pds5A.

The current model of vertebrate cohesin dissociation from chromosomes indicates a role for
Sororin and SA2 phosphorylation in the removal of the cohesin complexes from
chromosomal arms. Interestingly, | show that Wapl is a new substrate for Cdk1/cyclin B1 and
Plk1. My data imply that Wapl phosphorylation at prophase is also required for the removal
of cohesin complexes from chromosomal arms. Taken together, my results suggest that a
reconsideration of the current model may be required to explain the mechanism of cohesin

removal from chromosomes at mitosis.
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Chapter 1



Chapter 1: Introduction

1.1. Sister chromatid cohesion

The sister chromatid cohesion (SCC) apparatus ensures that the sister chromatids of replicated
chromosomes are physically paired, which is crucial for regulating different events during
interphase, such as gene expression and development (Dorsett, 2007) and cell division in
both mitosis and meiosis. Without this pairing, precocious separation of sister chromatids may
occur before chromosomes are attached to the spindle fibers and equal distribution of the
genetic material into the two daughter cells would be impossible. The establishment and
dissolution of SCC is tightly controlled in health and any aberrant regulation may lead to
chromosome missegregation, aneuploidy or genomic instability, which are the hallmarks of
cancer cells (Pfau and Amon, 2012). Characterizing and identifying the molecular
mechanisms regulating the dissolution of SCC is therefore essential for better understanding of

the regulation of cell division control.

Recently, many proteins have emerged as fundamental regulators of SCC and its dissolution
(Losada and Hirano, 2005, Nasmyth, 2005, Nasmyth and Haering, 2005, Hirano, 2005b).
Research into the molecular mechanism of how sister chromatids are separated is required to
understand the underlying basis of various causes of cancerous phenotypes. This can be
accomplished by understanding the functional properties of the regulatory proteins
implicated in the regulation of SCC. The main focus of this project is to characterize the role
of cohesin regulatory proteins, Pds5 and Wapl, in the regulation of SCC and to shed light on
the mechanism that triggers sister chromatid separation in early mitosis. This introduction to
the thesis seeks to explain the basic principles of cell cycle control, the cohesin complex and

the cohesin-related proteins.
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1.2. The mammalian cell cycle

Mammalian cells have multiple mechanisms by which quiescent cells are prompted to enter
the cell cycle through the G1-phase (Figure 1.1). A sequence of biochemical events
contributes to this process. Phosphorylation of target proteins is carried out by a family of
cyclin-dependent kinases (Cdks) that are regulated at each stage of the cell cycle. As long as
extracellular stimuli such as growth factors are present, cyclin D is synthesised and binds to
and activates Cdk4/6. The central cell cycle regulator Cdk4, 6/cyclin D complex is sufficient
to convert the unphosphorylated RB/E2F-1/DP complex to the hypophosphorylated form.
After the activation of cyclin D-Cdk4/6, growth factors elevate other genes, such as cyclin E,
which binds to Cdk2, resulting in the hyperphosphorylation of retinoblastoma protein (RB)
and causes its dissociation from E2F. The release of hyperphosphorylated RB from the E2F/DP
complexes allow activation of the E2F-responsive genes, which is required to drive the cell
cycle through the G1/S transition and to induce DNA synthesis (Hinds et al., 1992, Lundberg
and Weinberg, 1998).

During S-phase, the newly replicated DNA is rapidly packed into condensed chromatin
fibers. The basic packing unit of chromatin is the nucleosomal repeat, consisting of 147 base
pairs of DNA wrapped around an octamer of histones. These nucleosomes mediate assembly
of newly replicated DNA with the aid of chromatin assembly factors (CAFs), proteins
associated with the replication fork machinery. In eukaryotes, there are five basic types of
histones (H1, H2A, H2B, H3, and H4), which are synthesized mainly in S-phase. Two each of
the core histones H2A, H2B, H3, and H4 come together to form a central octamer, which
binds and wraps approximately 146 base pairs of DNA. The histone H1 (linker histone) binds
to DNA on the outside of the nucleosomes, then these interact with each other, causing
chromatin to be packed further into higher order structures. Eukaryotic chromatin contains
two distinct domains, euchromatin and heterochromatin. Euchromatin is less condensed,
contains more genes and other unique sequences, is more accessible and is generally more
easily transcribed, whereas heterochromatin is typically highly condensed, has highly
repetitive satellite sequences and forms structural functions such as forming centromeres or
telomeres. The centromere is the region of each chromosome that attaches to spindle fibers

during mitosis and meiosis (Olins and Olins, 1974, Olins and Olins, 2003).

Mitosis is a highly regulated process that includes various stages during which the cell divides
its contents into two resulting in the generation of two daughter cells from a parent cell. This
process comprises the six stages of mitosis: prophase, prometaphase, metaphase, anaphase,

telophase and cytokinesis. In prophase, the centrosomes separate and form a mitotic spindle.
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During prometaphase, the kinetochore attaches to the chromosomes while the microtubules
attach to the kinetochore on the other side of the chromosomes. During metaphase, the
chromosomes are aligned and organised between the mitotic spindles, then the cell
duplicates its chromosomes (sister chromatids), which separate at anaphase and move to
opposite sides by shortening and depolymerising the mitotic spindles, before the cell
undergoes cytokinesis (Figure 1.1), dividing into two daughters, each with one centrosome

and one set of chromosomes (Alberts, 2002).
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Figure 1.1: The regulation of the eukaryotic cell cycle.

The cell cycle is an ordered set of events, consisting of interphase and mitosis (M). Interphase
is divided into three distinct phases: Gap 1 (G1) also called the growth phase, Synthesis (S)
and Gap 2 (G2). The cell cycle is monitored by three DNA damage checkpoints during
interphase and one spindle assembly checkpoint (SAC) during mitosis (yellow arrows). Non-
proliferative cells generally exit the cell cycle and enter the quiescent GO state, and may
remain quiescent for long periods of time, until growth factors are present, when they re-enter
the cell cycle. The growth factors also activate Cdk4/6 and Cdk2, which hyperphosphorylate
and dissociate Rb from E2F-1. E2F-1 now is able to perform its transcription factor functions
and allows the G1-to-S-phase transition. After DNA synthesis, the cell enters the G2-phase,
where they continue to grow and prepare for cell division. When a cell enters mitosis, the
chromosomes condense (Early prophase), the nuclear envelope breaks down and spindle
microtubules attach to kinetochores (Prophase). The chromosomes then align at the
metaphase plate (Metaphase), separate and pull apart to the spindle poles (Anaphase). The
nuclear envelope reforms for each daughter cell (Telophase) and the two daughter cells are
now divided (Cytokinesis) (Alberts, 2002).
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1.2.1.  Cell cycle checkpoints

Eukaryotic cells have evolved a set of feedback control mechanisms or checkpoints, to
ensure that genetic information is copied faithfully and transmitted from the mother to the
daughter cells. These regulatory pathways monitor the successful completion of events in one
phase of the cell cycle before allowing the cell to proceed to the next phase. This involves
monitoring DNA damage and spindle assembly. The DNA damage checkpoints recognize
the presence of damaged DNA at G1 (before the S-phase) and at G2, and progress through
the cell cycle is halted until the problem is solved, whereas the spindle assembly checkpoint
detects improper alignment of chromosomes, or any failure of the attachment between the
mitotic spindle and kinetochores, and arrests the cell in metaphase until they attached

correctly.

1.2.2.  The DNA damage checkpoints

In the presence of damaged DNA during G1, sensor genes RAD17, RAD9, Rad1 and HUST
form a heterotrimeric checkpoint sliding clamp (CSC) similar in structure to the DNA
polymerase clamp PCNA (Proliferating Cell Nuclear Antigen) (Shiomi et al., 2002), while
Rad17 forms a complex with four replication factor C (Rfc) subunits, Rfc2, Rfc3, Rfc4 and
Rfc5 (Rfc-related complex), which act as a clamp loader that is related to PCNA (Kondo et
al., 1999, Giriffith et al., 2002). These complexes are recruited to the damage site and trigger
the DNA damage checkpoint response by activating the signal transducer kinase ATM/ATR,
which in turn activates several kinases including Chk1 and Chk2 (Liu et al., 2000, Matsuoka
et al., 2000). Activation of Chk1 involves phosphorylation at Ser 317 and Ser 345 in response
to blocked DNA replication or certain forms of genotoxic stress (Lopez-Girona et al., 2001,
Zhao and Piwnica-Worms, 2001). Chk1 is now able to phosphorylate the C-terminal portion
of Cdc25A and inhibits its phosphatase activities toward Cdk2 and 4 (Chen et al., 2003), thus
stopping the progression of the cell cycle until the damage is repaired. In contrast to Chk1,
Chk2 phosphorylates Cdc25A at Ser'23, BRCA1 at Ser?88 and p53 at several sites, including
Ser20 (Bartek and Lukas, 2003). p53 is thought to be essential for G1 arrest in response to
DNA damage. Activation of p53 directly induces the expression of the Cdk inhibitor, p21,
which inhibits cyclin E-Cdk2 activity, thereby inhibiting G1/S transition (Bartek and Lukas,
2003).Chk1 and Chk2 are the major effectors of the G2/M DNA damage checkpoint response
by phosphorylating Cdc25C on Ser?1® and down-regulating its phosphatase activity (Furnari
et al., 1997, Matsuoka et al., 1998, Sanchez et al., 1997), so that it can no longer activate

Cdk1/Cdc2.
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1.2.3.  The spindle assembly checkpoint (SAC)

The spindle assembly checkpoint (SAC) is thought to suppress the metaphase-anaphase
transition in the presence of a damaged mitotic spindle (e.g. microtubule depolymerizing and
stabilizing drugs such as nocodazole and taxol) or in the presence of unattached kinetochores
(Jordan et al., 1992, Jordan et al., 1993, Rieder et al., 1994, Rieder et al., 1995). Microtubule
depolymerization causes spindle checkpoint activation and cell cycle arrest in metaphase.
The SAC is also activated if cells fail to biorient sister chromatids on the spindle and fail to

align at the metaphase plate (Rieder et al., 1994) (Figure 1.2).

Several groups of SAC proteins have a crucial role in a pathway that is active during
prometaphase until alignment of the chromosomes occurs during metaphase. These proteins
include the mitotic-arrest deficient proteins (Mad1, Mad2 and Mad3/BubR1 in humans) and
the budding uninhibited by benzimidazole proteins (Bub1 and Bub3) (Hoyt et al., 1991, Li
and Murray, 1991). Cdc20, a substrate-specific activator of the ubiquitin ligase, anaphase-
promoting complex/cyclosome (APC/C) is the direct target of SAC activation and
polyubiquitylates two key substrates, cyclin B and securin (Yu, 2002). Degradation of the
ubiquitylated securin causes the activation of separase and subsequent cleavage of the
cohesin subunit, Scc1, which holds sister chromatids together (Uhlmann et al., 1999). In
contrast, the proteolysis of cyclin B is required for down-regulation of the master mitotic
kinase, Cdk1, which is necessary for exit from mitosis in diverse systems (Peters, 2006). The
SAC prevents this basic chain of events by prolonging prometaphase through the inactivation
of Cdc20 to make sure that cells do not enter anaphase until all chromosomes have
biorientated spindle attachment at the metaphase plate. When chromosome biorientation is

established, the SAC is inactivated, allowing cells to enter anaphase (Li et al., 1997).

During prometaphase, Cdc20 and all SAC proteins localize at unattached kinetochores
(Simonetta et al., 2009, Hewitt et al., 2010, Maldonado and Kapoor, 2011) and some SAC
proteins are immediately removed upon the attachment of the microtubule to the
kinetochores. For instance, Mad2 localizes to unattached kinetochores in prometaphase after
binding Mad1 (Hewitt et al., 2010) and it is implicated in the mechanism by which the SAC
induces mitotic arrest in response to spindle damage (Gorbsky et al., 1998). Moreover, the
APC/Cdc20 is a target of the Mad2-dependent SAC, which is required for the degradation of

cyclin B and securin.
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Figure 1.2: Spindle assembly checkpoint activation.

Separase is held inactive until the onset of anaphase through its binding to the inhibitor
protein securin. (A) Unattached kinetochore causes spindle checkpoint activation and cell
cycle arrest in metaphase. (B) Biorientated attachment of kinetochores silences the spindle
assembly checkpoint; the APC becomes active and indirectly triggers the degradation of
cohesin by targeting securin, which results in sister chromatid separation at anaphase

(Bharadwaj and Yu, 2004).
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1.3. The cohesin complex

The key structural component of SCC is a chromosomal protein complex known as cohesin
(Figure 1.3). The cohesin complex consists largely of the flexible structural maintenance of
chromosome (SMC) family of ATPases, Smc1/Psm1 and Smc3/Psm3. These two subunits bind
to each other, head to head through interactions between their hinge domains and tail to tail
through interactions with non-SMC subunits, sister chromatid cohesion protein-1
Scc1/Mcd1/Rad21 (a member of the kleisin family of proteins) and stromal antigens
Scc3/Psc3/SA (SA1 and SA2 in vertebrates) (Haering et al., 2002, Gruber et al., 2003). The N-
and C-terminal sequences of the SMC heads are linked to the globular ATPase heads that play
a role in cohesin complex assembly (Weitzer et al., 2003). There are different models to
explain the mode of interaction between cohesin complex and chromatin (Figure 1.4).
Studies of the crystal structure of a complex between ATPase heads of Smc1 and C-terminal
domains of Scc1 reveal that Scc1 forms a folding motif known as winged helix domain that
connects a pair of B strands in ATPase heads of Smc1 (Haering et al., 2004, Arumugam et al.,
2006). Thereby, a ring-shaped structure (in the most acceptable model) with a diameter of
approximately 50 nm is formed and holds sister chromatids together until mitosis, when the
chromosomes separate (Figure 1.4C) (Haering et al., 2002). The protein sequences and
structures of SMC proteins are highly conserved among a wide range of species with
divergence of 0.0-0.1 % (Hirano, 2005a, White and Erickson, 2006), indicating the
relationships between structure and function of cohesin across species. Table 1.1 summarizes
the cohesin subunits and associated protein nomenclatures among species (Onn et al., 2008,

Peters et al., 2008).
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Figure 1.3: The cohesin complex.

The cohesin complex consists of a flexible coiled coil of the structural maintenance of
chromosome proteins Smc1 and Smc3. These two proteins bind to each other head to head
through the hinge domain and tail to tail through their interaction with Scc1 and SA1 or 2
(Campbell and Cohen-Fix, 2002). Cohesin regulatory protein Wapl association with the core
complex depends on Sccl1 and SAT1, and there is evidence that Wapl directly interacts with

Pds5 (Kueng et al. 2006).
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Figure 1.4: Models of cohesin interaction with chromatin.

(A) The SMC proteins interact directly with chromatin (direct binding model) to form a
physical bridge between the sister chromatids (Anderson et al., 2002, Haering et al., 2002).
(B) The cohesin complex loops around individual chromatids and cohesion is established by
a change in the Scc1 association from intra-complex interactions (top panel) to inter-complex
interactions (bottom panel) (Double-ring model). (C) The currently accepted model, the
cohesin complex binds by encircling and embracing the two sister chromatids (ring model)
(Haering et al., 2002).
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1.3.1. Regulation of the cohesin complex during the chromosome cycle

During the cell cycle, the chromosomes undergo a series of dynamic changes known as the
chromosome cycle, involving replication, cohesion and segregation. In vertebrate cells, the
cohesin complex is loaded onto chromatin during telophase following reformation of the
nuclear envelope (Losada et al., 1998, Darwiche et al., 1999, Sumara et al., 2000, Gerlich et
al., 2006), whereas in budding yeast the cohesin complex is loaded onto chromatin during
late G1-phase (Guacci et al., 1997, Michaelis et al., 1997) (Figure 1.5). In all species studied
so far, loading of cohesin onto chromatin requires loading factor comprising a protein
complex of Scc2 and Scc4 (Gillespie and Hirano, 2004, Takahashi et al., 2004). The
interaction between cohesin and chromatin is enriched at specific loci known as cohesion
attachment regions (CARs). These regions are typically 500-800 base pairs long and occur
approximately every 9 kilobases along the chromosome arms. High levels of cohesin
interaction are also observed at the centromeric region (Cohen-Fix, 2001, Wang and
Christman, 2001). However, this interaction is dynamic and not sufficient to ultimately link

the sister chromatids to one another.

The stable binding of cohesin to chromatin takes place once the replication fork passes
through the cohesin ring with the aid of replication fork-associated acetyltransferase
Eco1/Ctf7 (Esco1/Esco2 in humans) (Skibbens et al., 1999, Toth et al., 1999, Ivanov et al.,
2002, Unal et al., 2007). This enzyme lacks the ability to load cohesin onto chromatin, but it
must be present during S-phase to establish cohesion and becomes dispensable when
cohesion has been established, suggesting that Ecol has a specific function during DNA
replication. It has been shown that Eco1 acetylates the cohesin complex component Smc3 on

two lysine residues on the ATPase head domain (Unal et al., 2007, Unal et al., 2008).

During prophase, the bulk of cohesin is dissociated from sister chromatid arms through a
pathway that requires polo-like kinase 1 (Plk1), Aurora B and wings apart-like protein (Wapl)
(Losada et al., 2002, Sumara et al., 2002, Gandhi et al.,, 2006), whereas cohesin at the
centromeric region is protected by shugoshin (Sgo1), which targets protein phosphatase 2A
(PP2A) to cohesin and prevents cohesin phosphorylation (Rivera and Losada, 2009). In both
fission and budding yeast, Sgo1 associates with the protein phosphatase PP2A and protects
centromeric cohesin in meiosis | by counteracting the phosphorylation of Rec8 (a member of
the kleisin family of SMC) by Plk1 (Riedel et al., 2006). In humans, Sgo1 at the centromere
recruits PP2A to counteract the Plk1-mediated phosphorylation of the SA1/2 cohesin subunits,
thereby preventing their dissociation from the centromeric region (Rivera and Losada, 2009).

The centromeric cohesin subunit Scc1 is cleaved during metaphase by separase, following its

13
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activation by anaphase-promoting complex (APC/C) which allows the transition to anaphase

(Rivera and Losada, 2009).
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Figure 1.5: Cohesin regulation during the chromosome cycle.

The cohesin complex is loaded onto chromatin during telophase and G1, which requires the
essential function of adhering complex Scc2/Scc4. The association of cohesin with chromatin
at this stage is dynamic. The cohesion between sister chromatids is established and this
requires additional factors such as Esco1/2 and Sororin. The bulk of cohesin dissociates from
chromosome arms during prophase via the prophase pathway, involving Plk1, Aurora B and
Wapl. However, the centromeric cohesin is protected by Sgol1-PP2A complex. The
centromeric cohesin is removed during metaphase by separase, following its activation by
anaphase-promoting complex (APC/C) which allows the transition to anaphase (Peters et al.,
2008).
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1.3.2. Cohesin and DNA-damage repair

The first indication of cohesin involvement in DNA double strand break (DSB) repair was
discovered before cohesin was reported to mediate cohesion between replicated sister
chromatids. The cohesin subunit Scc1/Mcd1 ortholog from Schizosaccharomyces pombe (S.
pombe) was first identified in genetic screens for proteins whose mutation rendered S. pombe
cells hypersensitive to radiation, because damaged DNA cannot be correctly repaired; thus, it
was called Rad21 (Radiation-sensitivity) (Birkenbihl and Subramani, 1992). It has been
suggested that repair of DSB by homologous recombination (HR) requires holding sister
chromatids together by the cohesin complex. Cohesin assembly around the DSB requires
DNA damage sensing complex MRX/N (Mre11/Rad50/Xsr2/Nbs1) (Figure 1.6),
phosphorylation of histone H2AX by Mec1/Tel1, and cohesin loading factors (Strom et al.,
2004, Unal et al., 2004).

In the presence of DNA damage, the DNA damage checkpoint promotes their physical
proximity and spreads signals around the DSB site by histone H2AX phosphorylation (yH2AX)
in humans (H2A in yeast). The cohesin complex is recruited to DSB sites with the aid of a
loading factor Scc2/Scc4 loading complex (Strom et al., 2004). Cohesin binding to the
phospho-H2AX domain is enabled by DSB repair endonuclease Mre11 (Unal et al., 2004), as
well as functional loading factors (Strom et al., 2004). Yeast strains expressing a non-
phosphorylatable H2A (H2AX in mammals) fail to recruit cohesin, suggesting that the
phosphorylatable H2A may act as a signal for cohesin assembly (Unal et al., 2004). In
addition, modifications such as acetylation and phosphorylation of the cohesin core subunits
are also necessary for specific cohesin functions (Kitagawa et al., 2004). Ecol/Escol
acetyltransferase is required to promote efficient cohesion establishment (Heidinger-Pauli et
al., 2009). Eco1/ESCOT1 acetyltransferase activity is generally restricted to S-phase and
postreplication DNA damage may promote Ecol/ESCOT1 activity via DNA damage
checkpoint kinase, Mec1/ATR (Strom et al., 2004, Unal et al., 2007).

A recent study in budding yeast suggested that the cohesin complex that is established in S-
phase is unable to maintain cohesion after a DSB in G2. Therefore, the S-phase cohesins must
be removed by the protease separase for efficient repair of DSB. This was demonstrated when
cells expressing the Mcd1 separase-resistant allele (non-cleavable mutant of Mcd1) failed to
undergo DSB resection and impaired DNA repair events (McAleenan et al., 2013). In both
budding and fission yeast, the protease separase is responsible for cohesin’s removal from the
chromosomes during mitotic anaphase (Uhlmann et al., 1999, Tomonaga et al., 2000,
Uhlmann et al., 2000). In contrast, in vertebrates, most cohesins are removed from the

chromosomes during prophase in a separase-independent process (Waizenegger et al., 2000,
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Losada et al., 2002). These facts raise the question of how the S-phase cohesin is removed in
the presence of DSB’s in vertebrates. Perhaps this mechanism is different in vertebrates,

because cohesin removal during prophase relies on cohesin regulatory proteins Pds5 and

Wapl.
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1.3.3. Regulation of the cohesin complex by prophase pathway

Several serine/threonine (S/T) protein kinases including Cdk1, Plk1, Aurora A and Aurora B
are implicated in regulating cellular processes at mitosis (Takaki et al., 2008, Taylor and
Peters, 2008, Hochegger et al., 2008). It has been shown that prophase pathway is facilitated
by two mitotic kinases, PIk1 and Aurora B (Losada et al., 2002, Sumara et al., 2002), while
Plk1 is likely to directly phosphorylate cohesin at SA1/2 (Rivera and Losada, 2009) and Cdk1
is essential for mitotic entry and cooperates with Plk1 to facilitate cohesin removal; however,

the role of aurora B in this process remains unknown.

1.3.3.1. Aurora B kinase

Aurora B forms a comlex with INCENP (inner centromere protein), Survivin, and Borealin
which is known as the chromosome passenger complex (CPC) (Carmena et al., 2009). This
complex plays a key role in chromosome interactions with microtubules, chromatid
cohesion, spindle stability, cytokinesis (Ruchaud et al., 2007) and bipolar chromosome
orientation (Adams et al., 2000). It localizes at kinetochores during prophase and metaphase,
then transfers to the central spindle and the midbody during anaphase (Cooke et al., 1987).
The expression levels of Aurora B increase at the G2/M-phase and its maximum activity
occurs during the transition from metaphase to anaphase (Terada et al., 1998, Goepfert et al.,

2002).

Aurora B regulates many processes important for cell division. For example, Aurora B
phosphorylates multiple substrates including histone H3 at Ser'® on chromatin (Giet and
Glover, 2001, Goto et al., 2002). Chromatin plays an important role during cell differentiation
and is controlled by specific epigenetic modifications of the core histones, such as
phosphorylation and methylation, causing dysregulation of transcription factors (Turner,
2007). A recent study shows that phosphorylation of histone H3 at ser'0 by Aurora B requires
haspin (a mitotic kinase), to create a docking site for the BIR domain of survivin, allowing

Aurora B positioning at inner centromeres in mitosis (Wang et al., 2012).

1.3.3.1.1. Aurora B and sister chromatid cohesion

It is known that release of cohesin from chromatin at the onset of mitosis correlates with
phosphorylation of the SA/Scc3 subunits in Xenopus egg extracts without cleavage of the
Rad21/Scc1 subunit (Losada et al., 2000). Other research in Xenopus egg extracts has shown
a requirement for Aurora B in the prophase pathway to facilitate cohesin removal (Losada et
al., 2002). Sperm chromatin was incubated with interphase extracts that had been depleted of

Aurora B and the assembly mixtures were then converted into a mitotic state by adding
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cytostatic factor (CSF) to cause metaphase arrest. The analysis of each sample and chromatin
fractions by immunoblotting revealed that most cohesin dissociated from chromatin in the
mock-depleted extracts, whereas depletion of Aurora B blocks cohesin release from
chromatin (Losada et al., 2002), suggesting that Aurora B is required for cohesin removal at

prophase.

A recent study of chicken DT40 cells indicated that Aurora B cooperates with Aurora A to
coordinate chromosome separation (Hegarat et al., 2011). This was investigated by time-lapse
microscopy analysis using cells expressing histone H2B-GFP after inhibition of Aurora A
and/or Aurora B. The relative length of mitosis was 82 min in the absence of Aurora A, while
the absence of Aurora B caused a shorter delay (40 min) and the absence of both kinases
completely blocked chromosome segregation. Given that Bub1 and BubR1 are essential
components of the SAC and that their recruitment to kinetochores is dependent on Aurora B
(Hauf et al., 2003), the chromosomal passenger complex (CPC) subunits may take over a
direct role in the SAC function. In an attempt to determine whether Aurora B affects SAC
function, Hela cells were treated with the antibiotic actinomycin D to displace endogenous
Aurora B and other CPCs from centromeres/inner kinetochores while preserving Aurora B
kinase activity. This was found to cause a premature loss of the checkpoint proteins BubR1
and Bub1 from the kinetochores, as well as chromosome misalignment and cytokinesis failure
(Becker et al., 2010). Moreover, the inhibition of Mps1 (SAC kinase) and/or co-depletion of
Mad2 did not interfere with chromosome separation, but reduced the time to complete
mitosis and exhibited a number of lagging chromosomes (Hegarat et al., 2011). These results

indicate a direct function of Aurora B in SAC activation and chromosome segregation.

1.3.3.2. Polo-like Kinase (Plk1)

Plk1 is a member of family of highly conserved serine/threonine kinases, first described in
mutants that display abnormal mitotic spindle in Drosophila melanogaster (polo) (Sunkel and
Glover, 1988, Llamazares et al., 1991) and Saccharomyces cerevisiae (cdc5) (Kitada et al.,
1993). In mammalian cells there are four polo-like kinases: Plk1, Plk2, PIk3 and Plk4. The
regulation of Plks depends on proteins that are important for cell division and controlled by
phosphorylation and ubiquitin-dependent proteolysis (Nigg, 2001, Peters, 2002). Like many
other kinases, Plks are activated by phosphorylation within a short region of the catalytic
domain known as the activation loop (or T-loop). This occurs at T210 in Homo sapiens Plk1
(Jang et al., 2002) or T201 in Xenopus laevis PIx1 (Qian et al., 1999). Studies have shown that
PIk1 is activated by the Aurora A kinase and its activator, bora, in a pathway that also

operates in unperturbed cell cycles in human cells (Seki et al., 2008, Macurek et al., 2008).
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Plk1 is the best characterized member of this family that plays a role in mitosis, including
separation of sister chromatids (Barr et al., 2004, Garland et al., 2006, Lera and Burkard,
2012). In S. cerevisiae, most of the cohesins are dissociated from chromatin during anaphase.
The PIk1/Cdc5 phosphorylates cohesin subunit Sccl on specific serine residues that are
adjacent to separase protease cleavage sites, facilitating the separation of sister chromatids
(Alexandru et al., 2001). In addition, the depletion of Cdc5 almost abolishes Scc1 cleavage
and greatly delays the separation of sister chromatid (Alexandru et al., 2001). In vertebrates,
Plk1 similarly promotes the cleavage of cohesin subunits Scc1 and SA1/SA2 to promote its
dissociation from chromatin, but in this system the cohesin complex is already dissociated
from the chromosome arms during prophase. This cohesin removal depends not on separase,
but instead on the activated Plk1 in early mitosis (Losada et al., 2002, Sumara et al., 2002). In
Xenopus, the PIk1/PIx1 is required for the removal of cohesin from chromatin by
phosphorylating mitotic cohesin subunits Scc1 and SA1/SA2, but not for chromosome
condensation. Moreover, depletion of PIx1 from interphase and CSF extracts prevents cohesin
dissociation from chromosome arms fraction, although phosphorylation of histone H3 on
serine 10 and association of condensin subunit SMC4 on chromosome fractions are detected
(Sumara et al., 2002). In human cells, Plk1 phosphorylates and activates Cdc25C, a
phosphatase that dephosphorylates and activates the cyclin B1/CdK1 complex (Barr et al.,
2004), and subsequent phosphorylation of early mitotic inhibitor 1 (EMI1), an inhibitor of the
APC, creating a degradation signal that is recognized for ubiquitylation and subsequent

degradation of EMI1 (Hansen et al., 2004).

Studies of the role of mammalian Plk1 have identified the consensus phosphorylation sites for
Plk1. The C-terminal polo-box domain (PBD) found in the Plk family binds to
phosphorylation sites for which the consensus is S-[pT/pSI-[P/x] (Nakajima et al., 2003),
(E/D/Q)-x-(S/T) ® (Barr et al., 2004) or (E/D)-x-(S/T) ®-x-(E/D) (Nakajima et al., 2003), where ®
signifies a hydrophobic amino acid. These consensus sequences are thought to be
phosphorylated follwoing priming by kinases such as Cdk1 for subsequent recognition by
Plk1. Once bound to the substrate, PIk1 is thought to phosphorylate sites that are distinct from
the one that is recognized by the PBD. Based on this, Nakajima et al. (2003) have suggested
two phosphorylation sites in Scc1 (T4 and T312) to match the consensus (E/D)-x-(S/T) ®-x-
(E/D), whereas Barr et al. (2004) have proposed an additional one in Scc1 (Ser*>4) and three
in SA2 (T1109, Ser1137 and Ser1224) to match the consensus (E/D/Q)-x-(S/T) ®. These findings
are consistent with the hypothesis that Scc1 and SA2 are directly phosphorylated by Plk1.
Subsequently, the expression of a nonphosphorylatable mutant of SA2 reduces dissociation of
cohesin from chromosomes in prophase and prometaphase, whereas expression of

nonphosphorylatable Scc1 does not cause such an effect (Hauf et al., 2005).
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1.3.3.3. Cyclin-dependent kinase 1 (Cdk1)

Cdk1 is a member of the cyclin-dependent kinase family of serine/threonine protein kinases
that control critical cell cycle events such as DNA replication and chromosome segregation.
These protein kinases are activated by the formation of a complex with their cyclin partners
and phosphorylate a variety of target substrates. Many of the genes encoding cyclins and
Cdks are conserved between all eukaryotic species. For instance, up to six conserved Cdks in
the budding yeast S. cerevisiae, Cdc28, Pho85, Kin28, Ssn3, Ctk1 and Bur1, are similar to
mammalian Cdk1, Cdk5, Cdk7, Cdk8 and Cdk9 respectively, where Ctk1 and Burl both
correspond to mammalian Cdk9 (Lorincz and Reed, 1984, Simon et al., 1986, Tohe et al.,
1988, Lee and Greenleaf, 1991, Liao et al., 1995, Liu and Kipreos, 2000, Yao et al., 2000).
Moreover, human Cdk1 can substitute for Cdk1 in S. cerevisiae and S. pombe, indicating the
evolutionary conservation of cell cycle control (Lee and Nurse, 1987, Wittenberg and Reed,
1989). Cdk1 is best understood in budding yeast S. cerevisiae (known as Cdc28) and in
fission yeast S. pombe (known as Cdc2) (Nasmyth, 1993, Lee and Nurse, 1987). The other
Cdks are thought to function mainly in a transcriptional regulatory network (Meinhart et al.,
2005). Budding yeast Cdk1, the first Cdk to be identified (Hartwell et al., 1973, Hartwell,
1974), plays important roles in mitosis and can drive S-phase in the absence of Cdk2, the

master regulator of S-phase (Aleem et al., 2005).

The pattern of Cdk1 activity is pivotal for proper cell cycle progression. The cyclin-dependent
kinase inhibitors (CKls) Sic1 and Far1 are expressed from the M to G1-phases to keep CdkT1
activity low (Schwob et al., 1994, Alberghina et al., 2004). From the period of late GT
through mitotic anaphase, the activity of Cdk1 increases, when cyclin concentrations rise and
the CKls are degraded (Mendenhall and Hodge, 1998). Accordingly, Cdk1 is thought to be
implicated in several important processes such as chromosome cohesion and dissolution.
Genetic evidence has revealed the interaction between cohesin subunit Scc1/Mcd1/rhc21
and Cdk1/Cdc28 in S. cerevisiae, suggesting that Cdc28 may be an upstream regulator of
Sccl (Heo et al., 1999). A later study in 5. pombe found that Scc1/Rad21 contained
Cdc2/Cdk1 consensus T'47PSR. The phosphorylation of the T147 site was not detected by
mass spectrometry due to the short tryptic peptide which was used, but was instead detected
by the anti-phospho T'47 antibody in mitotic extracts. Additionally, the phosphorylation level
of T4 was abolished in starved GO arrested cells, then sharply raised during S-phase,
indicating that it may be phosphorylated during S and M-phases (Adachi et al., 2008),

although the function of this phosphorylation remains unknown.

Given that Cdk1 is an upstream regulator of the cohesin complex, Ecol (Escol in humans) is

an attractive candidate because it is required for cohesion establishment after DNA
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replication. Despite the central role of Eco1 in regulating cohesion establishment, Eco1l and
Eco2 are phosphorylated during mitosis and Eco2 is subsequently ubiquitinated by the
ubiquitin ligase APCCdh1 (Lafont et al., 2010). In contrast, overexpression of Ecol causes re-
establishment of cohesion in mitotic yeast cells (Unal et al., 2007). It is known that yeast Eco1
is a target of Cdk1 (Ubersax et al., 2003) and that mutation of the Cdk1 consensus sites in
Ecol has no apparent effect on sister chromatid cohesion, whereas mutations that reduce the
activity of Cdk1 are synthetically lethal with an Ecol mutation (Brands and Skibbens, 2008).
Thus, the role of Cdk1 is to regulate Eco1 degradation and hence to limit the establishment of
cohesion to S-phase (Lyons and Morgan, 2011). In vertebrates, however, cohesin regulatory
subunit SA1/Scc3 is also targeted for phosphorylation by Cdk1 /n vitro. This phosphorylation
prevents the cohesin complex from rebinding to chromatin after dissociation. Like SA1, recent
studies indicate that Sororin, a cohesin-association protein, is regulated by Cdk1-mediated
phosphorylation. Moreover, dissociation of Sororin from the chromatids during mitosis is
prevented when Cdk1/cyclin B1 phosphorylation sites in Sororin are mutated to alanines.
However, these mutations have no apparent effect on the degradation of Sororin (Schwob et

al., 1994).

Cdk1 is a proline-directed kinase which phosphorylates substrates with the consensus
sequence S/T-P-x-K/R (where is any amino acid) or S/T-P (Nigg, 1993, Harvey et al., 2005).
Many of the known Cdk1 substrates frequently contain several phosphorylation sites clustered
in their primary sequence, and their exact position in the protein has not been conserved
during evolution, suggesting that precise positioning of phosphorylation sites is not very

precisely conserved (Moses et al., 2007, Holt et al., 2009).
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1.3.3. Cohesin related proteins

Cohesin is a multi-protein complex comprising Smc1, Smc3, Sccl and Scc3, as well as a
number of associated proteins that support its function. The maintenance of sister chromatid
cohesion during interphase depends on a cohesin-interacting protein, Sororin (Rankin et al.,
2005, Schmitz et al., 2007). Previous studies in human cells have reported that Wapl interacts
physically with cohesin and plays a critical role in promoting chromosome segregation
(Gandhi et al., 2006). In vertebrates, the association of Wapl with the core complex depends
on Sccl and Scc3 (Kueng et al., 2006). Three homologues of Scc3, known as SAT, SA3
(reserved for meiotic cohesion) and SA2, have been found in vertebrates and are associated
with the cohesin subunits (Losada et al., 2000, Pezzi et al., 2000, Sumara et al., 2000). In
fungi (Sordaria), Pds5 is another protein implicated in cohesin regulation. It was initially
discovered as a protein associated with chromatin in a cohesin-dependent manner (Panizza

et al., 2000).

1.3.3.1. Sororin

Sororin is a regulator of sister chromatid cohesion that associates with cohesin complex to
increase its stability on chromatin after DNA replication (Schmitz et al., 2007). It was first
identified from a screen for proteins degraded by the APC/C in Xenopus laevis extracts, using
an in vitro transcription and translation protein expression system (Rankin et al., 2005).
Sororin is conserved in vertebrates but no homologues have been identified in lower
eukaryotes (Zhang and Pati, 2012). The expression level of Sororin is regulated during the cell
cycle; it is expressed from the S to G2-phase and degraded in early G1 and displays
intracellular localization (Nishiyama et al., 2010, Zhang et al., 2011). It is a nuclear protein in
interphase cells and dissociates from chromosome arms in prophase with no detectable
localization at metaphase, but persists on centromeres until metaphase (Nishiyama et al.,
2010). During S-phase, Sororin is recruited to chromatin and causes a conformational
rearrangement to stabilize bounded cohesin. When Scc1 is depleted from Xenopus egg
extracts, the association of Sororin with chromatin is reduced. A similar phenotype was
observed when Escol and Esco2 were depleted from Hela cells, suggesting that Sororin is
recruited to chromatin in a manner that depends on cohesin and Smc3 acetylation

(Nishiyama et al., 2010).

Sequence alignment of Sororin from several vertebrate species indicates the presence of a
KEN box in the N terminus, a Plk1 binding motif and FGF motif (Rankin et al., 2005). In
addition, there are nine consensus sites (521, §75, T48, 579 T111 T115 T159 §181 gnd §209) for
Cdk1/cyclin B1 phosphorylation clustered in the N terminus and middle part of Sororin
(Dreier et al.,, 2011, Zhang et al.,, 2011), suggesting that Sororin is regulated by
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phosphorylation. Mutations in all nine of the putative Cdk1/cyclin B1 phosphorylation sites
blocked the dissociation of Sororin from cohesin (Zhang et al., 2011), but did not increase the
frequency of chromosome nondisjunction at anaphase. However, other studies indicate that
Sororin is required for sister chromatid cohesion during S and G2-phases. When Sororin was
depleted with siRNA from synchronized Hela cells at S-phase, the distance between the
chromosome arms was observed to be double in Sororin-depleted cells compared to the

control cells (Schmitz et al., 2007, Nishiyama et al., 2010).

On the other hand, the PIk1 PBD is known to bind to the consensus motif S(pS/pT) (P/X),
where pS is phosphoserine and pT is phosphothreonine (Elia et al., 2003). Accordingly,
Sororin has five putative PBD binding sites: ST115P, SS125S, SS126K, ST157S and ST'59P.
Among these sites, ST'>9P is conserved in vertebrate Sororin and is also a Cdk1/cyclin B1
phosphorylation site (Zhang et al., 2011). In humans, the PBD of Plk1 interacts with Sororin
only via its ST'>9P consensus motif after the T'>? is phosphorylated by Cdk1/cyclin B1.
Substitution of the threonine residue with alanine prevents the recruitment of Plk1 and
inhibits the separation of chromosomal arms (Zhang et al., 2011). Although SA2 is directly
phosphorylated by Plk1, no PBD binding site has been found on SA2 or other cohesin
subunits. Therefore, it has been suggested that Sororin phosphorylation by Cdk1/cyclin B1
can create docking sites to bring Plk1 into proximity with SA2. Phosphorylation of SA2 by
Plk1 during prophase is known to remove cohesin complexes from chromosomal arms

(Zhang et al., 2011, Zhang and Pati, 2012).

The conserved FGF motif of Sororin makes it capable of interacting with Pds5. When this
motif is mutated, Sororin-Pds5 interaction is reduced. Similarly, when Pds5 is depleted from
Xenopus egg extracts, the association of Sororin with chromatin is greatly reduced (Nishiyama
et al., 2010), indicating that Sororin’s FGF motif is important for interaction with Pds5. Like
Sororin, Wapl interacts with Pds5 via its FGF motif. Three FGF motifs have been found in the
N terminus of vertebrate Wapl: the first is responsible for the interaction of Wapl with SA1
and Rad21, while the other two mainly interact with Pds5 (Shintomi and Hirano, 2009).
Because Sororin and Wapl have opposite functions in regulating sister chromatid cohesion,
Sororin appears to compete with Wapl to bind Pds5 and antagonize Wapl to maintain SCC
during interphase. Once Sororin is phosphorylated during prophase/prometaphase, it loses its

ability to antagonize Wapl, leading to the removal of cohesin (Nishiyama et al., 2010).
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1.3.3.2. Wing apart-like (Wapl)

The Wapl gene was first identified as a gene product required for heterochromatin
organization in Drosophila melanogaster and Wapl mutants show parallel sister chromatids
with apparently loosened cohesion at their centromeres (Verni et al., 2000). Further study
identified Drosophila Wapl as a factor essential for normal chromosome segregation (Dobie
et al.,, 2001). Human Wapl has also been identified as a binding partner of the Epstein-Barr
virus transformation-related protein (EBNA2) and named Friend-of-EBNA2 (FOE)
(Kwiatkowski et al., 2004). FOE shows similarities to the Drosophila Parallel Sister Chromatids
Protein (PASC) and corresponds to a protein of 1227 amino acids, differing from the original
sequence of KIAA0261 by deletion of 126 bases near the 5" end (Table 1.2). Human Wapl
was predicted to comprise 1190 amino acids (accession # NM_015045) with molecular mass

of 133 kDa (Oikawa et al., 2004).

It has been previously shown that Wapl has the characteristics of an oncogene and that its
mRNA is overexpressed in uterine cervical cancer (Oikawa et al., 2004). This cancer is
associated strongly with human papilloma virus (HPV), which encodes two oncoproteins, E6
and E7 (zurHausen, 1996). Kuroda et al. (2005) report that human Wapl is inducible by HPV
E6 and E7 oncoproteins. Furthermore, Kwiatkowski et al. (2004) have suggested that human
Wapl contributes to the abnormalities of Roberts’ syndrome (RBS). This conclusion was based
on the low level of Wapl protein with unperturbed nuclear distribution detected in RBS cells

compared with normal cells, by both immunoblot and indirect immunofluorescence.
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On the other hand, recent studies have demonstrated that Wapl is physically associated with
cohesin and promotes its removal from chromosome arms (Gandhi et al., 2006, Kueng et al.,
2006). In mammalian cells, Wapl associates with cohesin by interacting to a specific amino
acid sequence on SAT1 via an FGF motif present in the N-terminus of Wapl (Figure 1.7).
Combinations of mutations in the FGF motifs of Wapl prevent the resolution of sister
chromatids (Shintomi and Hirano, 2009). Moreover, overexpression of Wapl leads to
premature separation of sister chromatids (Gandhi et al., 2006) and contributes to tumour
progression by induction of chromosomal instability (Ohbayashi et al., 2007). Taken together,
Wapl appears to be required for the dissolution of cohesion. Thus, Wapl appears to be a
cohesin destabiliser during the early stages of mitosis (Gandhi et al., 2006). Identifying the
molecular mechanisms by which Wapl removes cohesin from chromosome arms is therefore
a central issue for understanding cell division. It has been shown so far that the physical
interaction of Wapl with Pds5 directly modulates conformational changes of cohesin and
facilitates its dissociation from chromatin during prophase (Shintomi and Hirano, 2009).
However, the mode of action of Wapl appears to depend on Sororin. During interphase,
Sororin competes with Wapl for binding to Pds5 and displaces it to maintain sister chromatid
cohesion. Conversely, when Sororin is phosphorylated in early mitosis, Wapl displaces it,
binds with Pds5 and subsequently removes cohesin complexes from sister chromatid arms
(Zhang et al., 2011). However, it has not been shown so far how Wapl is regulated during the
mammalian cell cycle and the molecular mechanisms by which it removes cohesin from

sister chromatid arms remain to be determined.
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1.3.3.3. Precocious dissociation of sisters protein 5 (Pds5)

Pds5 is a member of a highly conserved family of proteins with homologues in most, if not
all, eukaryotic cells (Table 1.3), first identified in a genetic screen designed to identify genes
important for chromosome structure (Denison et al., 1993). Pds5 is thought to be essential for
the establishment and maintenance of sister chromatid cohesin during S-phase (Hartman et
al., 2000). The temperature sensitive S. cerevisiae Pds5 mutants that enhance mitotic lethality
were screened by FISH to identify those exhibiting precocious dissociation of sister
chromatids. This was done using chromosome centromere distal probes to assay cohesion at
the centromeric region. When the mutant cells were shifted from 23 °C to 37 °C, most mutant
cells in mid-M-phase had two FISH signals, compared to one FISH signal per nuclear DNA
mass in wild-type cells, indicating that sister chromatids had precociously dissociated in Pds5

mutant cells (Hartman et al., 2000).

It has been previously reported that Pds5 co-localizes with cohesin on interphase
chromosomes (Panizza et al., 2000) and form a stable sub-complex with Wapl during mitosis
to directly modulate conformational changes of the cohesin complex (Shintomi and Hirano,
2009). However, the role of Pds5-Wapl complex in the regulation of cohesion complex
appears paradoxical. It includes promoting cohesin association to chromosomes, anti-
establishment of sister-chromatid cohesion and removal of cohesin from chromosomes during
mitosis. Mutations in Pds5 and Wapl generate opposite phenotypes in Drosophila. For
instance, the loss of Pds5 prevents sister chromatid cohesion, whereas the loss of Wapl
prevents sister chromatid resolution in mitosis (Verni et al., 2000, Dorsett et al., 2005). In
budding yeast, deletion of Pds5 and Wapl causes loss of SCC (Hartman et al., 2000, Stead et
al., 2003) and cohesion defects (Rolef Ben-Shahar et al., 2008, Rowland et al., 2009, Sutani

et al., 2009) respectively.
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Fission yeast Pds5 and Wapl have even more distinct functions. The deletion of Wapl has no
effect on SCC establishment and maintenance (Feytout et al., 2011). While Pds5 is not
essential for the establishment of SCC and mitotic growth, its loss reduces viability in G2-
arrested cells (Tanaka et al., 2001, Wang et al., 2002), suggesting that Pds5 is required for
maintenance of SCC. Consistent with the role of Pds5 in the establishment of SCC, physical
interaction between Pds5 and Eso1 was observed using the yeast two-hybrid system, but not
by immunoprecipitation. Eso1 is known to be required during the S-phase to acetylate the
cohesin component Smc3/Smc3 on two lysine residues (K105 and K106 in fission yeast Psm3)
and these acetylated residues are maintained throughout G2 (Feytout et al., 2011, Kagami et
al., 2011). A recent study shows that immunopurified cohesin component Smc3/Psm3 from S.
pombe cells reacts strongly with antibodies that recognizes the acetylated form of Psm3
(Psm3K106AC) "hut the reaction failed when Psm3 was purified from S. pombe cells lacking
pds5 (Vaur et al., 2012), suggesting that Pds5 is required for Psm3 acetylation by recruiting

Eso1.

1.3.3.3.1. Pds5-like proteins Pds5A and Pds5B

Pds5A was first described in humans and Xenopus, showing a strong similarity to its orthologs
Pds5/BimD/Spo76 previously described in fungi and comprising 1337 amino acids with a
molecular mass of 150 kDa (Sumara et al., 2000, Losada et al., 2005). Pds5A mRNA and
protein levels were found to be up-regulated in tumour tissues of the oesophagus, stomach,
liver and transverse colon (Zheng et al., 2008). In addition, the overexpression of Pds5A is
associated with higher growth rates and may contribute to tumorigenesis. Transfection of
293T cells with Pds5A resulted in a high percentage of cells in G2-M when compared with
controls, whereas depletion of Pds5A by siRNA showed the opposite (Zheng et al., 2008).

The second Pds5-like protein is Pds5B/APRIN, originally identified as androgen shutoff gene 3
(formerly AS3) from prostate cancer cell lines (Geck et al., 1999), which has been shown to
be implicated in hormonal regulation and cancer cell arrest (Maffini et al., 2008). Pds5B is
phosphorylated upon DNA damage on consensus sites recognized by ATM and ATR protein
kinases (Matsuoka et al., 2007). It has high levels of similarity with Pds5A in the N-terminus
(1-1140: 77 % identity and 88 % similarity), with the presence of HEAT repeats within the N-
terminus, but it differs at the C-terminus (1141-1360: 17 % identity and 29 % similarity) by
the presence of two AT-hook-type HMG box motifs in the Pds5B protein sequence, compared
to only one degenerate HMG box motifs in Pds5A (Zhang et al., 2007, Zhang et al., 2009a)
(Figure 1.8). Nevertheless, different transcript variants encoding distinct isoforms have been

found for Pds5 genes in humans (Table 1.4).
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So far, few relevant studies have been performed on Pds5A and Pds5B, but their homologues
in lower organisms have been characterized and are required for SCC (Panizza et al., 2000,
Tanaka et al., 2001, Zhang et al., 2005). In mammals, both Pds5A and Pds5B interact with
cohesin and Wapl and regulate cohesin removal from chromatin (Kueng et al., 2006),
although the molecular mechanism by which Pds5A and Pds5B regulate sister chromatid

cohesion is largely unknown (Losada et al., 2005 (Losada et al., 2005).

Generation of either Pds5A or Pds5B-deficient mice causes many developmental defects
(Zhang et al., 2007, Zhang et al., 2009a). These abnormalities include slow growth, cleft
palate, skeletal defects, heart and neuronal defects, which are similar to those seen in human
Cornelia de Lange syndrome (CdLS), a disorder caused by mutations in cohesion proteins
(Jackson et al., 1993). Sequencing analysis of Pds5A and Pds5B in 114 individuals of familial
cases of CdLS revealed one patient with mutation R1292Q within the AT-hook domain in
Pds5B. This mutation is likely to have disrupted Pds5B binding and to have contributed to a
familial case of CdLS (Zhang et al., 2009a).
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Leucine Zipper AT- Hook

1 1140 ¥ 1447aa

HEAT repeats

| Cdkl posphorylation sites

Figure 1.8: Schematic representation of human Pds5A and Pds5B protein sequences.

Pds5A and Pds5B are similar to each other at the N-terminal, which contains 23 HEAT
repeats and one protein-DNA interaction motif (leucine zipper), but they differ at the C-
terminal, where Pds5A has one adenine-thymine (AT)-hook domain, whereas Pds5B has two.
The AT-hook is thought to bind to the minor groove of AT-rich DNA. There are five possible
Cdk1 phosphorylation sites (threonine or serine followed by proline) at the C-terminus of

Pds5B (Losada et al., 2005).
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Chapter 1: Introduction

1.4. Aims and objectives

The starting point for this project was a yeast 2-hybrid screen that was performed in
collaboration with Dr Carsten Hageman, Tumorbiology Laboratory, Department of
Neurosurgery, University of Wiirzburg, Germany, using the spindle checkpoint protein Mad2
as a bait and a Rat pheochromocytoma cells (PC12) cDNA library. A protein interaction was
found between Pds5A (SCC-112) and human Mad2. Our initial studies did not find any in
vivo interaction between Mad2 and Pds5A in co-immunoprecipitation experiments
performed in either interphase or mitotic Hela cell extracts. As the role of human Pds5 in the
regulation of sister chromatid cohesion is currently unclear, the aims of this project were

widened to include the following:

* Characterization of Pds5A and Pds5B during the mammalian cell cycle.

+ Characterization of Wapl during the mammalian cell cycle.

* Study of the mechanism by which Pds5 and Wapl regulate sister chromatid
separation.

*  Study of the changes in the levels of Pds5 and Wap proteins throught the mammalian
cell cycle.

* Live cell imagining of cells following Pds5A, Pds5B and Wapl siRNA.

1.4.1 The hypothesis

Based on the study performed in Xenopus egg extracts (Shintomi and Hirano, 2009), our

hypothesis was that Pds5 is required for removal of cohesin at mitosis in mammalian cells.
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2.1. Materials

2.1.1.  Chemicals and reagents

Table 2.1: List of chemicals and reagents used in this study

Reagent

Supplier

2X Phusion High-Fidelity PCR Master Mix

ThermoScientific

Active Aurora B Sigma
Active Cdk1/cyclin B1 Millipore
Active Plk1 Invitrogen
Agar Gibco
Agarose Melford
Ammonium persulphate (APS) Fisher
Aphidicolin Sigma

Aurora B Kinase Inhibitor ZM447439

Tocris Bioscience

Cdk1 Inhibitor RO-3306 Calbiochem
Cell dissociation solution (1X) Sigma
Cisplatin Sigma
Colloidal Coomassie Instant Blue Stain Expedeon

DNA Ladder 1000 bp

New England Biolabs

DNA Loading Dye

ThermoScientific

Ethidium Bromide Sigma
Ethylene Glycol Tetraacetic Acid (EGTA) Fisher
Ethylenediaminetetraacetic acid (EDTA) Fisher
EZ-ECL Chemiluminescence Detection Kit Geneflow
Foetal Bovine Serum (FBS) Gibco
FuGENE 6 Transfection Reagent Roche
Fuji Super RX X-Ray film Sigma
Hoechst 33342 dye Sigma
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Hybond-C Nitrocellulose Membrane

Amersham Biosciences

Interferin siRNA Transfection Reagent Polyplus
Lipofectamine 2000 Reagent Invitrogen
Methanol Fisher
Nocodazole Sigma
Okadaic acid Calbiochem

Penicillin/Streptomycin (x10)

PAA Laboratories

Pierce Protein A/G Magnetic Beads

ThermoScientific

Plk1 Inhibitor Bl 2536

Axon MedChem

Poly-L-Lysine Sigma
Propidium lodide Sigma
Protein A Sepharose Beads Sigma

Protein Ladder

ThermoScientific

Protogel (% acrylamide/% bis-acrylamide) Gene flow
Qiagen Plasmid Purification Kit QIAGEN
QIlAprep Spin Miniprep kit QIAGEN
QIlAquick Gel Extraction Kits QIAGEN
Ribonuclease (DNase free) Sigma (R5503)

siRNA Transfection Medium

Santa Cruz Biotechnology

SOC medium Promega
Taxol Sigma
Tetramethylethylenediamine (TEMED) Fisher
Tryptone Sigma
Yeast Extract Sigma

[Y-32P]-ATP

Amersham-Pharmacia

All other reagents were of analytical grade and purchased from either Fisher or Sigma.
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2.1.2. Oligonucleotides

2.1.2.1.  RNAI Oligonucleotides

The ON-TARGETplus set of four oligonucleotides for Pds5A, Pds5B and Wapl were
purchased from Dharmacon. The sequence of each of the 4 sense strands of the siRNA

duplexes were as follows:

Table 2.2: List of oligonucleotides used in this study

Name

Target sequence

Human Pds5A #1

5’-GAUAAACGGUGGCGAGUAA-3’

Human Pds5A #2

5’-CCAAUAAAGAUGUGCGUCU-3’

Human Pds5A #3

5’-GAACAGCAUUGACGACAAA-3’

Human Pds5A #4

5’-GAGAGAAAUAGCCCGGAAA-3’

Human Pds5B #1

5’-GAAAUAUGCUUUACAGUCA-3’

Human Pds5B #2

5-UGAUAAACAUGUUCGCUUA-3’

Human Pds5B #3

5’-GCAUAGUGAUGGAGACUUG-3’

Human Pds5B #4

5’-GGUCAAUGAUCACUUACUU-3’

Human Wapl #1

5’-GCGAGUAUAGUGCUCGGAAU-3’

Human Wapl #2

5’-GAGAGAUGUUUACGAGUUU-3’

Human Wapl #3

5’-CAAACAGUGAAUCGAGUAA-3’

Human Wapl #4

5’-CCAAAGAUACACGGGAUUA-3’

ON-TARGETplus

non-targeting siRNA

5’-UAGCGACUAAACACAUCAA-3’
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2.1.2.2. PCR Primers
The primers were designed and analyzed for specificity —using BLAST

(http://www.ncbi.nlm.nih.gov/BLAST)).

Table 2.3: Cloning primers used for plasmid construction

Name Forward Primer Reverse Primer

Flag-Pds5A | 5'-GTATTTTCAGGGCGCCATCA 5'-ACGGAGCTCGAATTTCACCTT
Full length AACGCCTGAAGATGGAT-3’ TGTAAGTCAATTTGTCT-3’

Flag-Pds5A | 5'-GTATTTTCAGGGCGCCATCA 5'-GACGGAGCTCGAATTTCAGGA
N-terminus | AACGCCTCAAGATGGAT-3 AACCTCTTCATCTGGAGACCA-3

Flag-Pds5A | 5-GTATTTTCACGGCGCCTGGT | 55\GACGGAGCTCGAATTTCACCTTT
C-terminus | CTCCACATGAAGAGGTTTCCC-3 | GTAAGTCAATTTGTCT-3

Flag-Wapl 5'-TATTTTCAGGGCGCCACATC 5'-GACGGAGCTCGAATTTCACTAG
Full length C AGATTTGGGAAAACAT-3 CAATGTTCCAAATATT-3

2.1.3. Vectors

All vectors were provided by Dr. Xiaowen Yang (Protein Expression Laboratory (Protex),
Biochemistry department, University of Leicester)
(http://www2.le.ac.uk/departments/biochemistry/research-groups/protex) and
(http://www?2.le.ac.uk/colleges/medbiopsych/facilities-and-services/cbs/protein-and-dna-

facility/protex/mammalian)

Table 2.4: List of vectors used in this study

Vectors Application

pLEICS-12 Mammalian expression vector with Flag tag
pLEICS-13 Mammalian expression vector with Flag tag
pLEICES-14 Bacterial expression vector with GST tag
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2.1.4. Bacterial strains

JM109 competent Escherichia coli (Promega).

2.1.5.  Cell lines

Hela (Henrietta Lacks) cells (a human epithelial cell line derived from a cervical carcinoma)
were purchased from BioWhittaker. A Hela cell line stably expressing histone H2B-mCherry
and alpha-tubulin-EGFP was provided by Professor Andrew Fry (University of Leicester). HEK
293T cells (derived from human embryonic kidney cells) were provided by Dr Martin

Dickens (University of Leicester).

2.1.6. Media

Table 2.5: List of cell culture media used in this study

Media Supplier
Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma
Dulbecco’s Modified Eagle’s Medium (DMEM) +
Fisher
GlutaMAX 1X
Opti-MEM + Glutamax Fisher
Dulbecco’s PBS (1X) without Ca?*/Mg?* PAA Laboratories
2.1.7. Antibodies
Table 2.6: List of primary antibodies used in this study
Concentration
Antibody or Technique Supplier
Dilution used
0.5 pg/ml Western Blot
Anti-Pds5A Polyclonal Bethyl
5 pg/ml Immunofluorescence
Catalog no. A300-088A Laboratories, Inc.
2 ug/ml Immunoprecipitation
Anti-Pds5B Polyclonal 0.5 pg/ml Western Blot Bethyl
Catalog no. A300-537A | 5 pg/ml Immunofluorescence Laboratories, Inc.
Anti-WAPI Polyclonal 0.5 pg/ml Western Blot Bethyl
Catalog no. A300-268 5 ug/ml Immunofluorescence Laboratories, Inc.
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Santa Cruz
Anti-WAP| Monoclonal 0.5 pg/ml Western Blot
Biotechnology,
Catalog no. sc-365189 5 pg/ml Immunofluorescence
Inc.
MBL
Anti-Cohesin/Scc1 Western Blot
1 pg/ml International
Monoclonal Immunofluorescence
Corporation
Anti-FLAG M2 1 pg/ml Western Blot
Monoclonal 4 ug/ml Immunoprecipitation Sigma
Catalogue No F3165 2 pg/ml Immunofluorescence
1/2000 Western Blot
Anti- PIk1T Monoclonal Sigma
1/200 Immunofluorescence
1/2000 Western Blot
Anti-Y-tubulin Polyclonal Sigma
1/200 Immunofluorescence
Anti-a-tubulin 1/2000 Western Blot
Sigma
Monoclonal 1/400 Immunofluorescence
Europa
Anti-Centromere Human | 1/200 Immunofluorescence
Bioproducts Ltd
Anti-Caspase-3
1:1000 Western Blot Cell Signalling
Monoclonal
Anti-Cleaved Caspase-3 | 1:1000 Western Blot
Cell Signalling
Polyclonal 1:300 Immunofluorescence
Poly (ADP-ribose)
polymerase (PARP) 1:1000 Western Blot Roche
Polyclonal
Anti-Chk1 Polyclonal 1:1000 Western Blot Cell Signalling
Anti-phospho-Chk
1:1000 Western Blot Cell Signalling
(Ser317) Polyclonal
Anti-Histone H3 1/2000 Western Blot Cell Signalling
Anti-phospho-Histone
1/5000 Western Blot Cell Signalling

H3 Polyclonal
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1/1000 Western Blot
Anti-Aurora B Polyclonal Cell Signalling
1/200 Immunofluorescence
Anti- Shugoshin 1/1000 Western Blot
Abcam
Monoclonal 1/200 Immunofluorescence
Santa Cruz
Cyclin B1 Polyclonal 1/1000 Western Blot Biotechnology,
Inc.
Table 2.7: List of secondary antibodies used in this study
Antibody Dilution used Technique Supplier
Goat Anti-Mouse 1gG, Cell Signalling
1/1000 Western Blot
HRP-linked antibody Technology
Goat Anti-Rabbit 1gG, Cell Signalling
1/1000 Western Blot
HRP-linked antibody Technology
Goat Anti-Mouse
1/1000 Immunofluorescence Invitrogen
Alexa Fluor 488
Goat Anti-Mouse
1/1000 Immunofluorescence Invitrogen
Alexa Fluor 594
Goat Anti-Rabbit
1/1000 Immunofluorescence Invitrogen
Alexa Fluor 488
Goat Anti-Rabbit
1/1000 Immunofluorescence Invitrogen
Alexa Fluor 594
Goat Anti-Human Alexa
1/1000 Immunofluorescence Invitrogen
Fluor 594
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2.1.8. Blocking peptides

Table 2.8: List of blocking peptides used in this study

Concentration
Blocking peptide or Technique Supplier
Dilution used

Pds5A blocking peptide 0.2 ug/ul Western Blot Bethyl

Catalog no. BP300-088A Laboratories, Inc.
i i Bethyl

Pds5B blocking peptide 0.2 ug/ul Western Blot Y '

Catalog no. BP300-537A Laboratories, Inc.

Wapl blocking peptide Bethyl

0.2 pg/ul Western Blot
Catalog no. BP300-268 Laboratories, Inc.
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2.1.9. Buffers and Solutions

Table 2.9: Lysis buffers used for protein extraction

Buffer Composition

0.01 M Tris-HCI pH 7.0, 0.15 M NaCl, 2 mM EDTA, 0.1
mM sodium orthovanadate, 0.1 % w/v sodium dodecyl
sulfate (SDS), 1 % v/v NP-40, 0.5 % w/v sodium

Radio-Immunoprecipitation
deoxycholate, 50 mM sodium fluoride (NaF), 30 mM

Assay (RIPA) Buffer
sodium pyrophosphate and protease inhibitors (1 mM

PMSF, 10 pg/ml leupeptin, 10 pg/ml aprotinin, 10 pg/ml
pepstatin).

0.01 M Tris-HCI pH 7.4, 0.05 M NaCl, 5 mM EDTA, 0.1
mM sodium orthovanadate, 30 mM sodium pyrophosphate,
Lysis Buffer A 50 mM NaF, 1 % v/v NP-40, 0.1 % w/v BSA and protease
inhibitors (1 mM PMSF, 10 pg/ml leupeptin, 10 pg/ml
aprotinin, 10 pg/ml pepstatin).

50 mM HEPES-KOH pH 7.4, 5 mM MnCl,, 10 mM MgCl,,
5 mM EGTA, 2 mM EDTA, 100 mM NaCl, 5 mM KCI, 1 %
v/v NP-40 and protease inhibitors (1 mM PMSF, 10 pg/ml

NEB Buffer

leupeptin, 10 ug/ml aprotinin, 10 ug/ml pepstatin).

Table 2.10: Buffers used for kinase assay

Buffer Composition

50 mM HEPES-KOH pH 7.4, 5 mM MnCl; or 10 mM
Kinase Buffer MgCl,, 5 mM B-glycerophosphate, 5 mM NaF, 4 mM ATP,
1T mM DTT, 10 uCi-Y-32P-[ATP].

Table 2.11: Cell extraction buffers used for immunofluorescence

Buffer Composition
Triton X-100 containing 0.5 % v/v Triton X-100, 20 mM HEPES pH 7.4, 3 mM
Buffer MgCl,, 50 mM NacCl, 300 mM sucrose.

CSK (Cytoskeleton) Buffer 10 mM Pipes-KOH pH 7.0, 100 mM NaCl, 3 mM MgCl,,

300 mM sucrose.
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Table 2.12: Buffers used for immunocytochemistry

Buffer Composition

Glycerol 9 ml, 1 M Tris-HCI (pH 8.0) 1 ml, n-propyl gallate
Mounting medium 0.05g. The n-propyl gallate was dissolved by stirring the solution
(placed in a light-proof container) overnight at room temperature.

The mounting medium was then stored at 4 °C until required.

Glass coverslips (22 mm diameter, No 1, Fisher) were incubated
. with T M HCI for 30 min. The coverslips were then rinsed in
Preparation of glass

. distilled water and washed for 30 min in 100 % ethanol. The
coverslips

coverslips were air-dried and sterilised by heating in an oven at

180 °C for 30 min.

Table 2.13: Buffers used for agarose gel electrophoresis

Buffer Composition
TAE (50X)
Tris-HCl 242 g
TAE Buffer (x50) EDTA 37.2g
Glacial acetic acid 57.1
Distiled H20 to 1000 ml

Table 2.14: Buffers used for bacterial suspension and lysis

Buffer Composition

PBS pH 8.0, 100 mM NaCl. 0.2 % v/v Triton X-100,
Suspension Buffer protease inhibitors (1 mM PMSF, 10 pg/ml leupeptin, 10
pg/ml aprotinin, 10 pg/ml pepstatin).

20 mM phosphate buffer pH 8.0, 300 mM NaCl, 2 % v/v
Solubilisation Buffer SDS, 2 mM DTT and protease inhibitors (1 mM PMSF, 10

pg/ml leupeptin, 10 pg/ml aprotinin, 10 pug/ml pepstatin).
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Table 2.15: Solutions and buffers used for Western blotting

Buffer Composition
For 10 ml
Protogel 1.6 ml
1M TrissHClpH 6.8 1.2 ml
Stacking gel SDS (10 % w/v) 0.1 ml
APS (10 % w/v) 0.075 ml
Temed 0.012 ml
H20 7 ml
% Gel 8 10 12.5 15
Protogel 5.35 6.67 8 10ml
Resolving 1 M Tris-HCl pH 8.8 7.5 7.5 7.5 7.5 ml
(Running) gel SDS (10 % w/v) 0.15 0.15 0.15 0.15 ml
APS (10 % w/v) 0.1 0.1 0.1 0.1 ml
Temed 0.02 0.02 0.02 0.02 ml
H20 6.9 5.6 4.2  2.2ml

SDS-PAGE
Running Buffer
(1X)

0.025 M Tris-HCl, 0.192 M glycine, 1 % w/v SDS.

SDS-PAGE

Transfer Buffer

25 mM Tris-HCI, 192 mM glycine, 20 % Methanol.

1x Tris-Saline-

Tween (TST)

0.01 M Tris-HCI pH 7.4, 0.15 M NaCl, 0.1 % v/v Tween 20.

Blocking Buffer

5 % w/v Milk powder in TST buffer.

Table 2.16: Solutions used for Fluorescence-Activated Cell Sorting (FACS)

Solution

Composition

Stain Solution

200 pl of 0.02 ug/ml Pl solution.

9.5 ml of 1 X PBS, 0.5 ml of 10 ug/ml RNase solution and
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Table 2.17: Solutions used for staining chromosome spreads

Solution

Composition

Carnoy’s solution

75 % methanol, 25 % acetic acid.

Giemsa Stain

4 ml Giemsa stain; 96 ml phosphate buffer (Gurr’s tablets)

pH 6.8.

48



Chapter 2: Materials and methods

2.2. Methods

2.2.1. Cell biology techniques

2.2.1.1. Cell culture

Hela and HEK 293T cells were cultured in DMEM and DMEM + GlutaMAX, respectively,
supplemented with 10 % v/v foetal bovine serum and 5 % v/v penicillin/streptomycin (100
IU/ml and 100 pg/ml). All cells were incubated at 37 °C in a humidified atmosphere
containing 5 % CO, (CO, Incubator, SANYO). Cells were passaged every 3-4 days, whereas
Hela cells expressing histone H2B-mCherry/alpha-tubulin-EGFP were passaged every 2-3
days to keep them at a low confluency (50-60 %). For cell synchronization experiments,
HelLa cells were synchronized at the G1/S boundary by treatment of an asynchronous
population with aphidicolin (10 pg/ml) for 24 hrs. The cells were washed 5-6 times with
Dulbecco’s PBS and placed in DMEM to release them from the aphidicolin block. Mitotic
cells were obtained by treatment of exponentially growing cells with nocodazole (0.1 mg/ml)
for 18 h before the mitotic cells were harvested by shake-off. For some experiments, cells
were incubated in DMEM containing an appropriate concentration of kinase inhibitor (polo-
like kinase inhibitor Bl 2536, Cdk1 inhibitor RO-3306 or aurora B kinase inhibitor ZM
447439) and nocodazole (0.1 pg/ml) and incubation for 18hrs.

2.2.1.2. RNAI Transfection

Hela cells were plated in 6-well plates and incubated for 24 h before transfection. The
appropriate concentration of siRNA was mixed with 200 pl of siRNA transfection medium
and 8 pl of Interferin siRNA transfection reagent. The mixture was incubated for 20 min at
room temperature (RT), and then added to the cells, which were incubated for up to 48 h.
Control siRNA (transfection mixture containing either no siRNA or an equivalent
concentration of non-targeting siRNA) and Lamin A/C were used as negative and positive
silencing controls respectively. Conditions for siRNA transfection were optimized using a
different concentration of each siRNA duplex set and different time points. The efficiency of
siRNA-mediated knockdown was judged by Western blot. The transfection efficiency had
previously been determined in our laboratory using an FITC-labelled lamin A/C siRNA (5'-
ACCAGGUGGAGCAGUAUAA-3’, Dharmacon) and found to be > 90 %.

2.2.1.3. Preparation of chromosome spread's
48 h following siRNA treatment, Hela cells were treated with either taxol (1 uM) for 24 h or
with a mixture of taxol (1 pM) and okadaic acid (1 pM) for 12 h. The mitotic cells were

collected by shake-off and swollen in hypotonic solution (75 mM sodium chloride) and
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incubated for 10 min at 37 °C. The cells were collected by centrifugation at 1000 rpm for 10
min and the cell pellet resuspended in freshly made Carnoy’s solution (3:1 (v/v) methanol:
acetic acid) for 10 min. The fixation with Carnoy’s solution was repeated twice. After the final
fixation, the cell pellet was resuspended in a small volume (50-100 pl depending on the
pellet size) of Carnoy’s solution by gently tapping the bottom of the tube. 10 ul of the cell
suspension was dropped onto glass slides held at a 45° angle and dried by placing them at an
angle over a 37 °C water bath. The slides were stained with 4 % Giemsa in phosphate buffer
at pH 6.8 for 7 min, washed in deionised water and air dried. The chromosome spreads were
viewed using a light microscope (Nikon Eclipse TE 300 semi-automatic, Tokyo, Japan) and
the number of nuclei displaying separated sister chromatids (at the arms and/or centromere)
quantitated. For each treatment, at least 100 nuclei in randomly selected field were counted
and nuclei in which 2 50 % of the sister chromatids remained unresolved were classified as
unseparated. Representative images of the chromosomes were captured using a Hamamatsu
ORCA-R? digital camera, 100 objective, NA 1.4, or 60 objective, NA 1.4, using Openlab
or Volocity software (Improvision), and processed using Photoshop (Adobe Photoshop

element 10).

2.2.1.4. Plasmid DNA transfection
Hela cells and HEK 293T cells were plated either in 10 cm tissue culture dishes or in 6-well
plates at least 24 h before transfection. The transfection mix was prepared as shown in

Table 2.18 and
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Table 2.19. The transfection mixture was incubated for 20 min at RT. Prior to transfection,
fresh complete medium was added to the cells, and then the reaction mixture was added
dropwise to the cells and incubated for 24 h to 48 h. For transfection with Lipofectamine,
antibiotic-free DMEM was used throughout the transfection period. Complete medium was
added 6 h following transfection and the cells incubated for an additional 24 h. The
transfected cells were then either fixed for immunocytochemistry or lysed for Western blotting

or immunoprecipitation.

Table 2.18: Plasmid DNA transfection in HEK 293T

Plate DNA (pg) | FUGENE 6 transfection reagent Serum-free medium
6-well plate | 2 pg 6 ul To 100 pl
10 cm plate | 10 pg 30 pl To 500 pl
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Table 2.19: Plasmid DNA transfection in Hela cells

Plate DNA (ug) | Lipofectamine 2000 Reagent Opti-MEM medium

6-well plate | 4 ug 10 ul To 100 pl

2.2.1.5. Immunofluorescence

Cells were grown on 6-well plates containing sterile glass coverslips under the culture
conditions described above. Alternatively, the mitotic cells harvested by shake-off were
attached to poly-L-lysine (1 mg/ml) coated coverslips. The cells were fixed with either ice-
cold 100 % methanol for 30 min at -20 °C or with 3.7 % (v/v) formaldehyde at RT for 20 min
followed by permeabilisation with 0.1 % (v/v) Triton X-100 for 20 min. Other fixation
methods used included cell extraction with a Triton X-100 containing buffer (Table 2.11 on
page 45) for 5 min at 4 °C followed by fixation with 3.7 % (v/v) formaldehyde for 20 min at 4
°C and lastly cold (-20 °C) methanol for 30 min. After blocking with 5 % (w/v) BSA, the cells
were stained with the appropriate primary antibodies and secondary antibodies labelled with
either with Alexa Fluor 488 or 954 fluorescent dyes. Cell nuclei were stained with Hoechst
33342 dye and mounted onto glass slides with mounting medium. The coverslips were sealed
with clear nail varnish and stored in the dark at 4 °C until examination. The labelled cells
were examined using a Nikon inverted fluorescence microscope (Nikon Eclipse TE 300 semi-
automatic Microscope, Tokyo, Japan) and the images were captured using a Hamamatsu
ORCA-R2 digital camera, 100 objective, NA 1.4, or 60 objective, NA 1.4, using Openlab
or Volocity software (Improvision). The images were further processed using Adobe

Photoshop (Adobe Photoshop element 10).

2.2.1.6. Time-lapse video microscopy for live cells

Hela cells stably expressing mCherry-histone H2B and alpha-tubulin-EGFP were grown on
35-mm glass bottom plates (Matek) with complete DMEM at 37 °C. After 24 h, the medium
was replaced and the cells transfected with either control, Pds5A, Pds5B or Wapl siRNA for at
least 36 h. The medium was replaced with Opti-MEM + Glutamax containing 10 % v/v FBS
and the cells incubated at 37 °C for 1 h prior to imaging. Live cell imaging was performed
using a Confocal Leica DMI 6000 CS microscope equipped with a heated-stage and a
Perspex chamber to maintain an atmosphere of 5 % CO, (Leica TCS SP5 Confocal Laser
Scanning Microscope). Images were acquired using 63 x 1.4 - 0.6 NA oil-immersion
objective lens every 8 min over a period of 24 hrs. Images were analysed, filtered and

processed using Image) software (Image) 1.34s).
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2.2.1.7. Fluorescence-activated cell sorting (FACS)

Cells were harvested, washed once with 1 X PBS, fixed with ice-cold 70 % v/v ethanol and
stored at -20 °C. Prior to analysis the cells were washed once with Dulbecco’s PBS,
resuspended in 0.02 pg/ml propidium iodide (Pl) staining solution and analysed using a

FACScan (Becton-Dickinson). Data were analysed using CellQuestPro (BD CellQuestPro).

2.2.2. Molecular biology techniques

2.2.2.1. Polymerase chain reaction (PCR)

DNA was amplified using a Peltier thermal cycler (DYAD). PCR reactions (20 or 50 pl) were
performed using the Phusion High-Fidelity DNA polymerase (Finnzymes).

The PCR reaction mixture and the cycling programme used are tabulated in Table 2.20 and

Table 2.21. The amplicons were analyzed by 1 % w/v agarose gel electrophoresis.

Table 2.20: PCR reaction mixture

Component 20 ul 50 pl

H,O To 20 ul To 50 ul

2x Phusion Master Mix with HF Buffer (0.04 U/ul
Phusion DNA Polymerase, 2x Phusion HF Buffer

10 pl 25 ul
containing 3.0 mM MgCl,, 400 pM of each dNTP,
100 % DMSO (500 wl).
Forward primer 0.5 uM 0.5 uM
Reverse primer 0.5 M 0.5 M
Template DNA 50 ng 50 ng
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Table 2.21: PCR reaction programme

Steps Programme

Initial denaturation 98 °C for 3 min
Denaturation 98 °C for 10 sec
Annealing Annealing 63 °C for 30 sec
Extension 72 °C for 1T min

Cycles 35

Final extension 72 °C for 10 min

Storage 4°C

2.2.2.2. Agarose gel electrophoresis

The PCR product was combined with loading buffer (1: 5 ratio) and separated on a 1 % w/v
agarose gel prepared by dissolving agarose in 1x TAE (Table 2.13 on page 46) supplemented
with 10 mg/ml ethidium bromide. Electrophoresis was performed at 100 V for 1 hr and the
resolved DNA was detected using UV light.

2.2.2.3. DNA extraction from agarose gels

For gel extraction and cleanup of DNA fragments, the PCR product was run on 1 % w/v
agarose gel. The amplified product bands were cut from the agarose gel and placed in a
sterile 1.5 ml tube. The purification of the PCR products was carried out using the QIAquick

Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions.

2.2.2.4. DNA cloning

Plasmids constructs pLEICS-12 and pLEICS-13 (see appendix Figure A.1 and 4) were obtained
from Dr. Xiaowen Yang (Protex, University of Leicester). Pds5A (full length) (purchased from
Origene, Rockville, Maryland, USA as Myc/DDK tagged clone in pCMV6 (RCZ1113)) and
Wapl (full length) (provided by Prof. Masahiko Koroda, Tokyo Medical University, Tokyo,
Japan) were cloned into pLEICS-13 vector, while Pds5A-N-terminus and Pds5A C-terminus
were cloned in pLEICS-12. The cloning was performed by Dr. Xiaowen Yang using the In-
Fusion technique (Protex, Department of Biochemistry, University of Leicester)

(www2.le.ac.uk/departments/biochemistry/research-groups/protex).
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2.2.2.5. Transformation of Escherichia Coli cells

DNA (200-300 ng) was introduced into 50 ul of competent E. coli strain ]M109 (Promega)
and incubated on ice for 30 min. The cells were heat shocked at 42 °C for 45 sec and then
incubated on ice for 5 min. SOC medium (200 ul) was added to the bacteria and the cells
incubated at 37 °C for 1-1.5 h. 100 pl of the bacterial cell suspension was plated onto LB agar
plates containing 100 pg/ml ampicillin at 37 °C in an incubator (NAPCO). After overnight
incubation, a single bacterial colony was picked, inoculated into 10 ml of fresh LB medium
containing ampicillin (100 pg/ml) and incubated overnight at 37 °C with shaking (Innova
4330). The overnight culture was either used for plasmid purification or added to 1 litre LB

medium containing 100 pg/ml ampicillin for large-scale plasmid purification.

2.2.2.6. Plasmid DNA purification

Small-scale plasmid DNA purification (3-5 ml of overnight bacterial culture) was carried out
using the QlAprep Spin Miniprep kit. For medium (500 ml) or large-scale (1000 ml) culture,
the Qiagen Midi or Maxi Plasmid Purification Kit was used. All steps were performed

according to the manufacturer’s protocols.

2.2.2.7. DNA concentration measurement
DNA concentration was quantified using a Nano Drop spectrophotometer (Nano Drop 2000
C, Thermo Scientific) and measurement of its absorbance at 260 nm. 1 ul of deionised H,O

was used for blanking the instrument and 1 pl of the DNA sample was used for quantification.

2.2.3.  Proteomics techniques

2.2.3.1. Preparation of cell extracts and chromatin-associated proteins

Cell extracts were prepared from Hela or HEK 293 cells. Cells were resuspended in RIPA
lysis buffer for Western blots. Alternatively, cells were resuspended in NEB buffer, Buffer A or
NP40 lysis buffer for either immunoprecipitation (IP) or co-immunoprecipitation (Co-IP)
(Table 2.9 on page 45), in the presence of protease inhibitor. The cell lysates were clarified by
centrifugation (Eppendorf 5417R) at 14 000 rpm at 4 °C for 15 min. Supernatants were
transferred to fresh pre-cooled 1.5 ml Eppendorf tubes and stored at either -20 or -80 °C. For
preparation of soluble and chromatin fractions, cells were resuspended in NP40 lysis buffer,
frozen (at-80 °C) and thawed three times before being clarified by centrifugation (14 000 rpm
for 15 min at 4 °C). The supernatant was transferred to fresh pre-cooled 1.5 ml Eppendorf
tubes (soluble fraction) and the pellet washed three times with NP-40 lysis buffer and

resuspended in 200 pl of NP-40 lysis buffer containing 5 units of micrococcal nuclease and
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0.4 mM CaCl,. The pellet was incubated at 28 °C for 5 min with gentle mixing, then clarified
by centrifugation at 14 000 rpm at 4 °C for 15 min and the supernatant was transferred to
fresh pre-cooled (4 °C) 1.5 ml Eppendorf tubes (chromatin fraction). Both the soluble fraction

and the chromatin-derived fractions were stored at -80 °C until required.

2.2.3.2. Protein concentration measurement
The protein concentration of the cell extracts was determined using a Bradford Assay (Bio-
Rad) according to the manufacturer’s protocol. The absorbance of the samples was measured

at 595 nm using a spectrophotometer (SmartSpec 3000, Bio-Rad).

2.2.3.3. SDS-PAGE and Western blotting

Cell lysates containing 5 to 15 pg proteins was combined in a ratio of 1: 1 with X 2 Laemmli
loading buffer, heated at 95 °C for 5 min and then centrifuged for 10 sec to collect condensed
liquid. Samples were loaded onto 8 %, 10 % or a 15 % polyacrylamide gel depending on the
size of the protein to be analysed. SDS-PAGE was carried out at RT at 150 V (Bio-Rad
PowerPac 300) until the tracking dye had reached the bottom of the gel. The proteins in the
gel were then transferred to a nitrocellulose membrane (Hybond-C Extra) using either the wet
transfer method at 350 mA in the cold for 1 h or the semi-dry method (60 mA at RT for 1 h).
Wet transfer was performed using a mini Trans-Blot Cell (Bio-Rad) or a Hoeffer semi-dry
transfer apparatus (Amersham-Pharmacia). Protein bands were visualized by EZ-ECL
Chemiluminescence Detection Kit (Geneflow) using an HRP-tagged secondary antibody. The
blot was exposed to Fuji X-ray film (Sigma) and developed an automatic film processor (SRX-
101A, Konica Minolta, UK). The blots were scanned (CanoScan LiDE 90) and processed using
Photoshop.

2.2.3.4. Immunoprecipitation and Co-immunoprecipitation

IP with antibodies was carried out using either protein A Sepharose beads (Amersham-
Pharmacia) or Protein A/G Magnetic Beads (Pierce). For Pds5A or Pds5B IP and Co-IP,
approximately 0.25 mg of pre-equilibrated protein A Sepharose beads (washed twice with
ice-cold NEB lysis buffer or lysis buffer A) were added to the pre-cleared cell lysate (250 pg of
total protein extract) containing 1 ug of primary antibody, incubated overnight at 4 °C on a
rotator. After overnight incubation, the beads were washed three times with ice-cold lysis

buffer and resuspended in 40 pl of SDS-PAGE sample buffer and analysed by Western blot.

For Flag-Wapl IP and Co-IP, 25 pl (approximately 0.25 mg) of Protein A/G Magnetic Beads

were transferred to a 1.5 ml Eppendorf tube and placed in a magnetic stand to collect the
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beads. The supernatant was removed and the beads were washed twice with ice-cold lysis
buffer (NEB or lysis buffer A). The pre-washed magnetic beads were resuspended with 250 pg
of total protein extract containing 4 pl of monoclonal Flag antibody, and incubated overnight
at 4 °C on a rotator. After overnight incubation, the beads were washed three times with lysis
buffer and either used for a kinase assay or resuspended in 40 pl of SDS-PAGE sample buffer
and analysed by Western blot.

2.2.3.5. Preparation of samples for mass spectrometry

The immunoprecipitated Flag-Wapl was run on a 10 % v/v SDS-PAGE and the gel was
stained in colloidal Coomassie instant blue stain. The appropriate protein band was cut from
the gel and sent to the Protein and Nucleic Acid Chemistry Laboratory (PNACL), University of
Leicester, for peptide mass fingerprinting and phosphopeptide mapping using an LTQ-

Orbitrap-Velos-ETD mass spectrometer.

2.2.3.6. In vitro kinase assays

The immunoprecipitated Flag-Wapl was washed three times in cold (4 °C) lysis buffer and
three times in cold (4 °C) kinase buffer (Table 2.10 on page 45). After the final wash, the
beads were resuspended in 40 pl of kinase assay buffer. As a positive control, 5 pg of histone
H1 (Sigma) was used as a substrate for Cdk1, 5 pg of myelin basic protein was used as a
substrate for both Plk1 and Aurora B1. 1 pl (1 uCi) of [Y-32P]-ATP was added to each reaction
and the reaction initiated by the addition of the appropriate recombinant protein kinase. 0.4
ug/ul of active Cdk1/cyclin B1, Plk1 or Aurora B were added individually to the beads. The
tubes were incubated at 30 °C for 30 min. The reactions were stopped by adding 40 ul of 2 X
sample buffer and boiled for 3 min at 95 °C. 40 ul of each reaction was run on a 10 %
polyacrylamide gel. Following SDS-PAGE the gel was stained in Instant Blue colloidal
Coomassie stain (Instant Blue) and dried on a gel dryer (Bio-Rad). The dried gel was exposed
to X-ray film overnight and developed. For sequential kinase assay, the immunoprecipitated
Flag-Wapl was incubated with either Cdk1 or Plk1 at 30 °C for 30 min in the presence of cold
ATP (Step 7). The kinase was either washed away or depleted by adding either 1 uM of Plk1
Inhibitor Bl 2536 (Axon MedChem) or 0.1 pg/ul of Cdk1 Inhibitor (RO-3306 Calbiochem)
(Step 2). The substrate was co-incubated with either Plk1 or Cdk1 in a second kinase reaction

in the presence of 1 ul (1 uCi) of [Y-32P]-ATP as described above.

57



Chapter 3

Characterization of Pds5A and

Pds5B in the mammalian
cell cycle

58



Chapter 3: Characterization of Pds5A and Pds5B in the mammalian cell cycle

3.1. Introduction

Given that Pds5 is required for maintenance of sister chromatid cohesion, it has been shown
that Pds5 is essential for cohesin stabilization and SCC maintenance during the G2-phase
(Tanaka et al., 2001, Vaur et al., 2012). Moreover, Vaur et al (2012) have tested the idea that
Pds5 might be essential for the stable mode of cohesin binding in S. pombe. Cells lacking
pds5 and carrying the thermosensitive mis4-367 mutation in the cohesin loader Mis4, to
prevent the deposition of cohesin on chromatin, were arrested in G2 by the cdc25-22
mutation which prevents entry into mitosis at 37 °C. The chromatin-bound cohesin was
monitored by nuclear spreads and chromatin immunoprecipitation (ChiP) at specific loci
(major sites of cohesin binding) (Vaur et al., 2012). The data show that the level of chromatin-
bound cohesin was substantially reduced with time compared to the wild type control and
that even the deletion of Wapl did not correct the pds5 deficiency. In addition, cell survival
was dramatically reduced after the release from cdc25-22 arrest (Vaur et al., 2012). Taken
together, these observations suggest that Pds5 is required for stable mode of cohesin binding,
although its function seems to differ substantially among different organisms. For instance,
Pds5 cooperates with cohesin in maintaining SCC in fungi (Sordaria) (Panizza et al., 2000). In
budding yeast, Pds5 plays an important role in meiosis and is required for SCC (Zhang et al.,
2005). However, another study has shown that Pds5 is required for sister chromatid resolution
during prophase in Xenopus egg extracts (Shintomi and Hirano, 2009). While Pds5 has been
identified as a binding partner of Wapl (Kueng et al., 2006), it remains to be determined
whether human Pds5 is also required for sister chromatid resolution and if so, by what
mechanism the two proteins function. | therefore propose in this chapter to characterize the

role of Pds5A and Pds5B in the human cell cycle.
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3.2. Results

3.2.1. Characterization of antibodies

Pds5A and Pds5B commercial antibodies were tested for their specificity and each produced
a single band on Western blots corresponding to the predicted sizes of the proteins
(Figure 3.1A and B). When these antibodies were bound to their blocking peptide, they no
longer detected their target on the Western blot. Specificity was further confirmed by siRNA

depletion and subsequent decrease in the protein signals (Figure 3.1C and D).

3.2.2.  The dynamic localization of Pds5A and Pds5B

Because the role of Pds5 in regulating SCC remains unresolved, | proposed to characterize the
functional properties of Pds5 in mammalian cells. | therefore examined the levels of
endogenous Pds5 proteins during the cell cycle using a synchronized population of Hela
cells (Figure 3.2). The results obtained from the time course experiment show clearly that
Pds5A and Pds5B protein expression levels remained constant throughout the cell cycle,
although cohesin was degraded in late mitosis (after 15 hrs) as expected. This suggests that
SCC is not regulated by changes in the expression levels of Pds5 proteins (Figure 3.2B). | next
examined whether the cellular localization of Pds5 changed during the HelLa cell cycle. The
immunocytochemistry results revealed the predominantly nuclear localization of Pds5
proteins in interphase cells and their dissociation from chromatin at mitosis (Figure 3.3 and
Figure 3.4). Pds5A and Sccl localized to both the nucleus and cytoplasm and dissociated
from chromatin at prophase, whereas Pds5B persisted on chromatin until metaphase. Both
Pds5A and Pds5B re-associated with chromatin at telophase. This result suggests that Pds5A
and Pds5B may be involved in regulating SCC.
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Figure 3.1: Testing the specificity of Pds5A and Pds5B antibodies by Western blot
using Hela cell extracts.

(A and B) Hela cell extracts prepared from exponentially growing cells were Western blotted
with antibodies to Pds5A and Pds5B. To test their specificity, Pds5A or Pds5B antibodies
(0.5ug/ml) were incubated individually with the indicated concentrations of Pds5A or Pds5B
blocking peptides for 3 hrs before probing the nitrocellulose membrane. Results are
representative of three independent experiments. (C and D) Hela cells were transfected with
either control or SMARTpool siRNAs specific to Pds5A or Pds5B at the indicated
concentrations for 48 hrs. Proteins were extracted as described in material and methods and
loaded on an 8 % SDS-PAGE gel and Western blotted, then probed with antibodies against
Pds5A, Pds5B and Y-tubulin. (E) Lamin A/C siRNAs (50 nM) were used to test the effectiveness
of the transfection procedure. Results are representative of two independent experiments.
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Figure 3.2: Analysis of endogenous Pds5A and Pds5B proteins expression during the
Hela cell cycle.

Asynchronously growing cells were arrested at the G1/S boundary with 10 pg/ml aphidicolin.
After 24 hrs, the cells were washed three times with 1 % (v/v) PBS and fresh medium was
added. (A) A FACS profile of propidium iodide stained nuclei at a series of time points after
release from the aphidicolin arrest. (B) Total protein extracts were prepared at the indicated
time points and Pds5A, Pds5B, Scc1, cyclin B1 and actin protein levels were analyzed by
Western blot. Results are representative of four independent experiments.
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Figure 3.3: Immunofluorescence microscopy images showing the intracellular
distribution of Pds5A and Scc1 at different stages of the cell cycle.

Hela cells grown on cover slips were fixed with 3.7 % (v/v) formaldehyde for 20 min and
treated with 0.1 % (v/v) Triton X-100 for 10 min. After blocking with 5 % (w/v) BSA, cells
were co-stained with antibodies against Pds5A (green) and Scc1 (red). DNA was stained with
Hoechst 33342 (blue). Merged images are shown (right panel). Scale bar: 8 um. This figure is
representative of three independent experiments.
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Figure 3.4: Immunofluorescence microscopy images showing the intracellular
distribution of Pds5B and Scc1 at different stages of the cell cycle.

Hela cells grown on coverslips were treated as described in Figure 3.3 on page 63, and then
co-stained with antibodies against Pds5B (green), Sccl (red) and Hoechst 33342 (blue).
Merged images are shown (right panel). Scale bar: 8 um. This figure is representative of three
independent experiments.
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3.2.3.  Overexpression of Pds5A

Initially, | attempted several times to overexpress full-length Flag epitope-tagged Pds5A cDNA
in Hela cells to investigate its role in SCC. However, no significant levels of exogenous
Pds5A could be detected by Western blot, so | sought to examine two additional truncated
forms of Pds5A. To generate Flag-Pds5A N-terminus, | truncated the C-terminal residues after
amino acid 789, which contains one AT-hook domain. For Flag-Pds5A C-terminus, |
truncated the first 780 amino acids of the entire N-terminal region with nine amino acids
overlapping (Figure 3.5A). Both truncated sequences were cloned into pLEICS-12 mammalian

expression vector (see appendix, Figure A.1, 2, 3 and 5).

After surveying different transfection conditions not only for the transfection method, but also
for different cell lines such as HelLa, MCF-7 and HEK 293T cells, | chose a condition in which
the cells were transfected by FuGENE 6 transfection reagent to give high transfection
efficiency (approximately > 40 %) in HEK 293T cells, which was confirmed by Western
blotting and immunofluorescence microscopy (Figure 3.5B and C). Despite this high
transfection efficiency, HEK 293T cells were unsuitable for morphological analysis, since |
tried several times and they attached poorly to coverslips, making it difficult to analyse the

function of Pds5 proteins using this approach.

In some cases, the transfection efficiency of Lipofectamine 2000 reagent in Hela cells was
very low (only 2 - 5 %), which was assessed by immunofluorescence microscopy, and there
was a high level of cell death (toxicity), even with mock-transfected cells. Using the anti-Flag
antibody, the expression levels of overexpressed Pds5A could not be detected by Western
blot, but using immunofluorescence microscopy the nuclear localization of full length and C-
terminal Pds5A variant could be detected (Figure 3.5C, panel a and C, panel b). However,
only interphase cells seen and no mitotic phenotypes observed when Pds5A (Full lengthe, N-
or C-terminus) overexpressed. Since the N-terminal variant lacks the AT-hook domain and
nuclear localization signal (Figure 3.5A; see appendix, Figure A.6), it was prevented from
nuclear transport and accumulated only in the cytoplasmic compartments (Figure 3.5C panel
b). This is consistent with previously reported data that the nuclear transport of APRIN/Pds5B
depends on the AT-hook domains present in the C-terminal region (Maffini et al., 2008),

suggesting a functional difference between the N-terminus and C-terminus of Pds5.
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Figure 3.5. Expression and intracellular localization of Flag-tagged Pds5A.

(A) Schematic illustrations of Flag-tagged full-length Pds5A and its truncated variants. (B) Flag-
tagged full-length Pds5A and its truncated mutants were transiently co-transfected into HEK
293T cells using FUGENE 6 and after 24 hrs their expression was confirmed by Western blot
using an anti-Flag antibody. (C) Immunofluorescence microscopy images of interphase HEK
293T cells transfected separately with Flag-tagged full-length Pds5A and its truncated variants.
Nuclear transport and chromatin localization of full-length Flag-tagged Pds5A (as shown in
panel a) and FLAG-tag C-terminal Pds5A (as shown in panel c). (b) Accumulation of FLAG-tag
N-terminal Pds5A in the cytoplasmic compartments. Merged images are shown in the lower

panels. Scale bar: 8 um. This data is representative of two independent experiments.
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3.2.4. Pds5A and Pds5B are required for chromosome separation in human cells

The dynamic localization of the Pds5 proteins suggests their possible function in regulating
SCC. In order to examine this, | used siRNAs to deplete Pds5A and Pds5B specifically, either
individually or both together in HeLa cells. The protein levels of both Pds5A and Pds5B were
markedly reduced within 36 hrs after siRNA treatment compared to controls (Figure 3.6A and
B). The off-target effects were further minimized when | observed that the levels of the
cohesin-related proteins were unaffected (Figure 3.7). When chromosome spreads were
prepared from control siRNA-treated cells which had been subjected to Taxol, a potent
microtubule stabiliser and proliferation that blocks the cell cycle at the metaphase/anaphase
boundary (Jordan et al., 1993) (Figure 3.8A), a high frequency of resolved chromosome arms
was observed (mean + SD =94 + 1 %; n = 100 cells; Figure 3.8B and F), whereas the number
of unresolved chromosomes was significantly increased with Taxol-treated cells in which
Pds5A or Pds5B or both proteins were depleted by siRNAs (mean + SD = 50 + 21 %, 40 + 21
% or 53 + 12 % respectively; n = 100 cells; P < 0.01, P < 0.05, P < 0.07; Figure 3.8D and F).
This observation would suggest that chromosome separation at the arms requires both Pds5A

and Pds5B.

To further investigate the requirement of Pds5 proteins for centromeric cohesin removal, |
nullified the action of PP2A by adding okadaic acid, a potent inhibitor of PP2A (Cohen, 1989)
(Figure 3.8A). Treatment of cells with a combination of Taxol and okadaic acid causes high
frequency of premature loss of cohesion at the arms and the centromere in control siRNA-
treated cells (mean + SD = 87 + 7 %; n = 100 cells; Figure 3.8C and G), but this loss was
significantly reduced at both regions in cells depleted of Pds5A, Pds5B or both, with
respective increase in cells with unresolved chromosomes of 40 + 26 % in Pds5A siRNA, 41 +
17 % in Pds5B siRNA or 34 + 12 % in both siRNAs (mean + SD; n = 100 cells; P < 0.07, P <
0.01, P < 0.05 respectively ; Figure 3.8D and G). These results were confirmed using single
oligonucleotide-mediated depletion of Pds5A and Pds5B (see appendix, Figure A.8). |
conclude from these data that both Pds5A and Pds5B are required for chromosome
separation at the chromosome arms and at the centromeric region. In response to Taxol and
okadaic acid, later in the project | have shown that Pds5A and Pds5B are also required for

separation during the normal cell cycle (see chapter 5).

To analyse further the effect of Pds5 proteins loss on cohesin, | monitored the removal of the
bulk of cohesin from the chromosome arms, a process that depends on the prophase pathway
(Losada et al., 2002, Sumara et al., 2002, Gandhi et al., 2006, Kueng et al., 2006, Shintomi
and Hirano, 2009). | repeated the siRNAs treatment and the mitotic cells were harvested and

attached to coverslips coated with poly-L-lysine (1 mg/ml) for immunofluorescence
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microscopy. Interestingly, cohesin (Scc1) remained associated with the chromosome arms
and maintained the SCC between the arms in Pds5A and Pds5B-depleted cells, even after
mitotic arrest in Taxol-treated cells (Figure 3.8E), whereas in control siRNA-treated cells,
cohesin was dissociated from the chromosomes except for the centromeric regions
(Figure 3.8E). Taken together, these observations indicate that Pds5A and Pds5B have
independent functions in regulating the cohesin complex and that both are required for the

removal of human cohesin, both at the chromosome arms and at the centromeric region.
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Figure 3.6: Pds5A and Pds5B levels were reduced by SMARTpool siRNAs after 36 hrs.

Hela cells were transfected with 50 nM of either control or SMARTpool siRNAs specific for
Pds5A (A) or Pds5B (B). Total proteins were extracted as described in material and methods,
at various time points (6, 12, 24, 30, 36, 48 hrs), and were analyzed by Western blot using
the antibodies indicated. This figure is representative of two independent experiments.
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Figure 3.7: Specificity of Pds5A and Pds5B siRNA.

(A) Hela cells were transfected with 50 nM of either control or a SMARTpool of Pds5A,
Pds5B or a mixture of both siRNAs. Forty-eight hours later total protein was extracted and
analysed by Western blot using the antibodies indicated. This figure is representative of three
independent experiments.
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Figure 3.8: Both Pds5A and Pds5B are both required for sister chromatid resolution.

A) Schematic representation of the effect of Taxol and okadaic acid on chromosome
separation. (B-D) Metaphase chromosome spreads were prepared from Hela cells treated
with 10 pM Taxol for 18 hrs or with 10 pM Taxol and 0.1 puM okadaic acid for 12 hrs in
which Pds5A or Pds5B or both proteins were depleted by siRNA treatment (50 nM) for 48 hrs.
Representative light microscopy images show the observed differences in the morphology of
chromosomes; enlarged images are shown in the insets. Scale bar: 10 pm. (E)
Immunofluorescence microscopy images showing the localization of Sccl in cells treated
with 10 uM Taxol in which Pds5A protein was depleted by siRNAs and stained with SccT.
DNA was stained with Hoechst 33342. (F and G) Histograms indicating the frequency of
chromosome morphology in chromosome spreads obtained in (B -D). Error bars represent the
mean values and standard deviations of measurements from at least 100 cells for each
condition; *P < 0.01; **P < 0.05. P values were calculated using two-way ANOVA. This
figure is representative of three independent experiments.
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3.2.5. Loss of Pds5A and Pds5B alter the cell cycle and induce chromosomal abnormalities

The data obtained from the metaphase chromosome spreads raised the possibility that when
Pds5 protein was depleted, it may have caused a cell cycle arrest at metaphase, because
those cells were unable to segregate their chromosomes. To test this possibility, | performed a
fluorescence-activated cell sorting (FACS) analysis after siRNA-mediated knockdown of the
Pds5 proteins. Unexpectedly, the loss of Pds5A or Pds5B caused a slight change in the cell
cycle profile during S-phase and an increase in the percentage of sub-G1-phase when

compared to control siRNA-treated cells (Figure 3.9).

Cell cycle profile analysis was also performed following siRNA-mediated knockdown of both
Pds5A and Pds5B, to establish whether the knockdown of both proteins had more effect on
cell cycle progression. Following siRNA treatment for 48 hrs, Pds5A and Pds5B levels were
reduced to similar levels compared to those obtained using a single treatment (Figure 3.6, on
page 69 and Figure 3.7, on page 70), but the FACS data obtained showed a change in cell
cycle progression similar to that seen when Pds5A and Pds5B were depleted individually
(Figure 3.9). These data suggest that Pds5 proteins may be required for normal S-phase
progression; however, the significance of this change is not clear. | therefore examined the

morphology of cells following siRNA treatment by immunofluorescence microscopy.

The siRNA-mediated depletion of Pds5A, Pds5B or of both proteins dramatically raised the
incidence of condensed and fragmented DNA, from 1.33 + 0.75 % (mean * SD; n = 100
cells) in control cellsto 17 £3 %, 12 + 1 % and 13 5.5 % respectively (mean + SD; n = 100
cells; P < 0.07; Figure 3.10A, panel b), in addition, there was an increase in interphase cells
displaying irregularly shaped nuclei from 0.33 £ 0.75 % in control cells to 15 + 3 % in Pds5A
SiRNA, 8 + 1.5 % % in Pds5B siRNA and 12 + 2 % in Pds5A and Pds5B siRNAs (mean * SD;
n = 100 cells; P < 0.01, P < 0.05, P < 0.01 respectively; Figure 3.10A, panel c). These
enlarged multi-nucleated cells may indicate that these cells are models for aneuploidy caused
by failure of chromosome segregation. Micronuclei were also frequently seen in interphase
cells after depletion of Pds5A, Pds5B or both proteins (mean + SD =24 +8 %, 10 + 1.5 % and
15 + 2.5 % respectively; n = 100 cells; P < 0.07; Figure 3.10A, panel d). In contrast, the

frequency of such events was very low in control cells (mean +SD = 0.7 % + 0.6).

On the other hand, the frequency of observing mitotic defects was less than that of observing
defects in interphase cells, because of the low number of mitotic cells which can be seen in a
single slide; therefore, only 20 to 50 cells were analysed in each experiment. However, the
most common mitotic defect seen was the misalignment of chromosomes at the metaphase
plate, with a respective increase of 22 + 6 % in Pds5A siRNA, 15 + 0.6 % in Pds5B siRNA and
14 + 4 % in Pds5A and Pds5B siRNAs (mean + SD; P < 0.07) (Figure 3.11A, panel a).
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Although there were some other defects, such as lagging chromosomes during anaphase and
cytokinesis (Figure 3.11B and C, panels b and ¢), the frequency of such defects might appear

low due to the difficulty of finding cells at anaphase and telophase.

73



Chapter 3: Characterization of Pds5A and Pds5B in the mammalian cell cycle

A B
83 Control SIRNA g7 Pds5A SiRNA
2 £ Bl Gl-phase
=] 2 ] S-phase
2] = ] 1 Sub-G1l-phase
- - G2-M-phase
c F 7 X 100
3| =1 5 3 0
Bl ] Q 801
F_) 200 400 &00 200 400 &0 (&)
o - .:. g 60_
Q| ¥7 Pds5B siRNA ¥7 BothsiRNAs =4
% =K EE o 40+
D | g - &
04 - ] o ] 5 201
(=]
F - g > 0-
% 3 ok SIRNA (,\\@ X
[=J (=R b
200 400 E00 200 400 EO0 00 Q Q
Relative DNA count

Figure 3.9: Depletion of Pds5 by siRNA proteins alters the cell cycle and induces an
accumulation of cells in the sub-G1 population.

(A) A profile of propidium iodide-stained nuclei after 48 hrs treatment with Pds5A siRNA (50
nM), Pds5B siRNA (50 nM) or mixture of both siRNAs (50 nM each). (B) Histogram
representing the percentage of cells in sub-G1, G1, S-phase and G2/M. Two independent
experiments were analyzed and the mean is shown.
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Figure 3.10: Depletion of Pds5 by siRNA induces aberrations in interphase nuclear
morphology.

Hela cells were treated for 48 hrs treatment with the indicated siRNAs. The cells were then
fixed with -20 °C methanol and analyzed by immunofluorescence microscopy using anti-a-
tubulin (green) to visualize the microtubules, anti-Y-tubulin (red) to visualize the centrosomes
and Hoechst 33342 (blue) to visualize the DNA. (A) Loss of Pds5 proteins produced a
significant increase in nuclear aberrations including fragmented DNA (shown in panel b),
multinucleated cells (=2 nuclei/cell) (shown in panel c) and micronuclei (shown in panel d).
Merged images are shown in all panels. Scale bar: 8 um. (B) Histogram indicating frequency
of nuclear defects in interphase cells from three independent experiments; mean values +
standard deviation are shown of measurements from at least 100 cells; *P < 0.01, **P < 0.05.
P values were calculated using two-way ANOVA.

75



Chapter 3: Characterization of Pds5A and Pds5B in the mammalian cell cycle

A Hoechst a-tubulin y-tubulin Merged B
B Misalignment
<Z’: [ Laggiog chromosomes
14 [ Cytokinesis midbody
(2]
S 40-
c
O
© $ 301 *
>
(@]
& 20 * *
>
O
o
) i
£ L 10
z
x
= ol
< \ > Q> N\
o O 96 96 o™
e O()(\ Qé Qé 2
O .
m SiRNA
n
©
o
<
L9}
[2])
©
o

Figure 3.11: Depletion of Pds5A and Pds5B proteins induces abnormal mitosis.

Representative immunofluorescence images of mitotic Pds5 protein-depleted cells. Cells were
fixed with -20 °C methanol following 48 hrs siRNAs treatment and co-stained with anti-a-
tubulin (green) to visualize the microtubules, anti-Y-tubulin (red) to visualize the centrosomes
and Hoechst 33342 (blue) to visualize the DNA. (A upper panel) Normal metaphase,
anaphase and cytokinesis cells depicted from control siRNA-treated cells. (A, panel a)
Chromosome misalignment in metaphase, (A, panel b) lagging chromosome in anaphase and
(A, panel c) cytokinetic midbody with lagging chromosomes and interconnecting DNA bridge
were observed after Pds5 protein depletion. Merged images are shown; scale bar: 10 um. (B)
Histogram showing frequency of defective mitotic cells. Three independent experiments were
analysed (20 to 50 cells per experiment were analysed). Mean values + standard deviation are
shown; *P < 0.01, **P < 0.05. P values were calculated using two-way ANOVA.
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3.2.6. Loss of Pds5A and Pds5B induces apoptosis via activation of the DNA damage
checkpoint
The increase in the percentage of sub-G1-phase cells may be related to the observation of
those cells showing DNA fragmentation (as observed in Figure 3.10 on page 75) and the
presence of floating cells observed under a light microscope in the culture medium 48 hrs
after siRNA treatment. Both these observation suggested that loss of Pds5 proteins may be
lethal to Hela cells. Since DNA fragmentation is an important hallmark of apoptotic cells, |
assessed the levels of apoptosis at 48 hrs after transfection with Pds5A or Pds5B siRNA. Both
adherent and floating cells were harvested, combined and seeded onto poly-L-lysine-coated
coverslips, fixed and stained with Hoechst 33342 and a caspase-3 antibody that only detect a
19 kDa fragment of cleaved caspase 3 for immunofluorescence analysis. An increase in the
proportion of apoptotic cells could be detected in both Pds5A and Pds5B-depleted cells
(Figure 3.12). These results were further validated by Western blot detection of cleaved
fragments of caspase-3 and poly (ADP-ribose) polymerase (PARP) (Figure 3.13A). Taken
together with the cell cycle profiles (Figure 3.9), the data suggested that the loss of Pds5A and
Pds5B may have caused a delayed passage through S-phase and activated the apoptotic
signalling pathways. It would therefore be important to understand the molecular
mechanisms leading to the activation of the apoptotic response in the absence of functional

Pds5 proteins.

Given that SCC is required for the integrity of the DNA damage checkpoints (Lightfoot et al.,
2011), I next sought to establish whether the absence of any cohesin regulatory factors might
activate a DNA damage checkpoint response. To test this hypothesis, | blotted for
phosphorylated Chk1 ser3!7, using a phospho-specific antibody that recognizes Chk1, a
kinase activated by ATR in response to DNA damage (Smits et al., 2010), when it is
phosphorylated on ser3'7, following depletion of Pds5 proteins. As judged by the results of
the Western blot (Figure 3.13B), Chk1 was found to be phosphorylated on ser3'7 in Pds5
protein-depleted cells. This indicates that the absence of Pds5 proteins may cause replication
stress or other types of DNA damage, which then triggers an apoptotic response through
activation of the DNA damage checkpoint. It is also possibile that the loss of Pds5 causes the
accumulation of cells in S-phase due to the defective DNA replication and slowed the
progression of the S-phase. It is possible that because the cells were not synchronized after
the loss of Pds5 proteins and were randomly distributed within the cell cycle, the cell cycle
profile (Figure 3.9 on page 74) shows only a small accumulation of cells in S-phase.
Following these arguments, both the control and Pds5 protein siRNA-treated cells were
synchronized at the G1/S boundary by aphidicolin treatment and release in order to monitor

their progression through S-phase. DNA content analysis by flow cytometry indicated that
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control cells completed S-phase in approximately 8 hrs upon release from the aphidicolin
block (Figure 3.14), whereas Pds5-depleted cells were unable to progress to mitosis.
However, some cells completed S-phase in approximately 15 hrs, perhaps due to slower
DNA replication caused by Pds5 protein depletion and activation of the DNA damage
checkpoint response. This leads us to conclude that Psd5 function is not restricted to mitosis
but may also be required for DNA replication integrity and this may depend on its ability to
maintain SCC during the S-phase.
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Figure 3.12: Depletion of Pds5A and Pds5B induce apoptosis.

Exponentially growing Hela cells were transfected with control, Pds5A or Pds5B siRNA (50
nM) for 48 hrs. After 48 hrs both adherent and floating cells were attached on poly-L-lysine-
coated coverslips with 100 % (v/v) cold methanol. Apoptotic cells were detected by cleaved
caspase-3 antibody (green) using immunofluorescence microscopy. DNA was visualized by
staining with Hoechst 33342 (blue). As a positive control for apoptosis, cells were treated
with prototypical ATP-competitive kinase inhibitor staurosporine (1 uM for 6 hrs). Merged
images are shown in the right-hand panels. Scale bar: 8 um. The percentage of apoptotic cells
is represented by a histogram in the right panel. Two independent experiments were analyzed
and the mean of measurements from at least 100 cells is shown.
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Figure 3.13: Depletion of Pds5A and Pds5B by siRNA induces apoptosis through the

activation of the DNA damage checkpoint.

(A) Hela cells were treated for 48 hrs treatment with the indicated siRNAs. Western blot
analysis with antibodies against: Pds5A, Pds5B, full-length caspase-3, cleaved caspase-3,
PARP and y-tubulin. As a positive control for apoptosis, cells were treated with a prototypical
ATP-competitive kinase inhibitor, staurosporine (1 uM for 6 hrs). (B) Cells were examined for
phosphorylation of Chk1 at Ser317 by Western blot after 48 hrs siRNA treatment. As a positive
control for the effects of a DNA-damaging agent, cells were treated with 10 pM cisplatin for 6
hrs. This figure is representative of three independent experiments.
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Figure 3.14: Depletion of Pds5A and Pds5B impairs S-phase progression.

Exponentially growing Hela cells were transfected with control, Pds5A or Pds5B siRNA (50
nM) for 48 hrs. The cells were then synchronized at G1/S boundary by the adding of
aphidicolin (10pg/ml for 24 hrs). The aphidicolin was removed and the cells were washed
three times with 1 % (v/v) PBS and fresh medium was added. Cells were collected at the
indicated times and DNA content was analysed by FACS as described in material and
methods. This figure is representative of two independent experiments.
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3.3. Discussion

Sister chromatid cohesion is a process that links two chromatids during interphase and is
thought to be a prerequisite for maintenance until its partial reversal during prophase and the
complete separation of sister chromatids at the metaphase-to-anaphase transition. Unlike in
yeast and fungi, Pds5 is required for sister chromatid resolution during prophase in Xenopus
egg extracts (Panizza et al., 2000, Zhang et al., 2005, Shintomi and Hirano, 2009). Therefore,
| cannot rule out the possibility that SCC is regulated similarly in mammalian cells, because
in both mammals and Xenopus egg extracts the removal of the bulk of cohesin complexes is

already initiated in prophase (Losada et al., 1998, Darwiche et al., 1999).

To address this issue | have sought to provide evidence that Pds5 is involved in the regulation
of SCC by analyzing the subcellular localization pattern of the Pds5 proteins. Psd5A behaves
like the cohesin complexes in this respect (Figure 3.3 on page 63), dissociating from
chromatin at prophase and rebinding to it in telophase before cohesion is established in S-
phase. This behaviour is similar to that reported for Pds5 homologue in Sordaria (van Heemst
et al., 1999) and Pds5A in human Caco cells (Sumara et al., 2000). However, unlike Scc1
which is cell cycle regulated and decline after mitosis, the expression levels of Pds5 proteins

remained relatively constant throughout the cell cycle (Figure 3.2 on page 62).

Surprisingly, some Pds5B could still clearly be detected on chromosomes from prophase to
metaphase, but not at anaphase (Figure 3.4 on page 64). This observation has not previously
been reported. Additionally, during telophase Pds5B was detected on chromatin more
intensely than cohesin and Pds5A (Figure 3.3 and Figure 3.4 on page 63 and 64), suggesting
that Pds5A and Pds5B may play distinct roles during the cell cycle. Accordingly, the C-
terminus sequence of Pds5 proteins contains nuclear localization signals (see appendix,
Figure A. 7). | have shown that the C-terminus of Pds5A plays an essential role in mediating
subcellular localization (Figure 3.5C, panel c on page 66). Pds5A contains a single
degenerate AT-hook-type high mobility group (HMG), whereas Pds5B contains two AT-hooks
(Zhang et al., 2009a). The positively charged Arg within the AT-hook domain in HMG is
known to be crucial for DNA binding (Metcalf and Wassarman, 2006), suggesting a higher
binding affinity for Pds5B than for Pds5A. It has been previously speculated but not
demonstrated that Pds5B has cdk1 phosphorylation sites (Losada et al., 2005); these sites may
mediate a post-translational modification of cohesin-bound Pds5B, causing it to dissociate
from chromatin. Taken together, this all supports the hypothesis that Pds5B is bound to
chromatin during telophase (probably before Pds5A) and it may be able recruit Pds5A to

chromatin. Pds5A in this case may be serving as a scaffold to recruit other proteins such as
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Wapl. Cohesin-bound Pds5A and Pds5B are both dissociated during prophase following their
post-translational modification (probably by cdk1). At the metaphase-to-anaphase transition,
Pds5B-bound chromatin may be targeted by an unknown second wave of post-translational
modification (perhaps by cdkl or Plk1), causing complete dissociation of Pds5B from

chromatin.

Although | have so far been unable to overexpress Pds5A in Hela cells efficiently to further
analyse its role in SCC regulation, | was able to knock down Pds5 proteins efficiently. In this
project, | have provided evidence that Pds5A and Pds5B are both required for chromosome
separation, both at the chromosome arms and at the centromeric region, because the loss of
either Pds5A or Pds5B prevented cohesin removal both from chromosomal arms and from the
centromeric region in Taxol and Okadaic acid-arrested mitotic cells. Although | expected to
see redundant functions for Pds5A and Pds5B in the regulation of SCC, the interpretation of
the results regarding the different localization patterns between Pds5A and Pds5B may
explain why Pds5A did not rescue the loss of Pds5B phenotype and vice versa. It seems that
Pds5A and Pds5B are localized in such a way that Pds5A can recruit aditional proteins such
as Wapl to trigger the removal of cohesin. This interpretation is supported by the evidence
that Wapl interacts preferentially with Pds5A rather than Pds5B (Kueng et al., 2006). On the
other hand, Pds5B may still be able to form a complex with Wapl to trigger the removal of
cohesin, but due to a higher binding affinity for Pds5B, it may also be required for correct
localization of Pds5A to allow its binding with Wapl. Therefore, the correct localization of

either Pds5A or Pds5B may be affected by the absence of the other.

In fission and budding yeasts and in human cells, the localization of Pds5 proteins to
chromosomes is cohesin dependent (Hartman et al., 2000, Losada et al., 2005) (Wang et al.,
2002) and it is most likely that localization must occur before the process of DNA replication,
because fission yeast Pds5 was found to interact with the establishment factor Ctf7/Escol,
which is known to recruit proteins involved in DNA replication such as Ctf18 and PCNA.
Moreover, the loss of Pds5 function negates the requirement for Ctf7/Escol (Tanaka et al.,
2001, Skibbens et al., 1999). The Ctf7/Ecol-mediated acetylation of the cohesin subunit
Smc3 is known to be important for recruiting Sororin to stabilize bound cohesin during S-
phase. At the same time, Pds5 can interact with the conserved FGF motif of Sororin to
mediate conformational rearrangement to stabilize bound cohesin (Nishiyama et al., 2010).
This suggests that Pds5 may be indirectly involved in the DNA replication mechanism by its
ability to hinder the establishment of cohesion until it recruits Ctf7/Escol and Sororin. This
would also be consistent with my observation that Pds5A and Pds5B-depleted cells

accumulated at S-phase which was followed by induction of apoptotis through activation of
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the DNA damage checkpoint signaling. The evidence for this was the phosphorylation of

Chk1 at ser317 in response to blocked DNA replication caused by the loss of functional Pds5.

On the other hand, the evidence that cohesin is involved in repairing DNA damage by its
ability to mediate SCC (Birkenbihl and Subramani, 1992) does not rule out the requirement
for Pds5. The first step of the repair mechanism is that cohesin is loaded onto sites of DNA
double-strand break (DSB) to mediates SCC with the aid of Escol (Strom et al., 2004). Since
Pds5 is required to recruit Ctf7/Esco1 to the cohesin complex, | can also argue that after DNA
DSB, Pds5 may be required to establish a state permissive of G2-phase cohesion, to ensure
that the sister chromatids are physically connected and can thus undergo homologous
pairing. While the most recent study in budding yeast has proposed that post-replicative DNA
repair requires the protease separase to remove cohesin that is established in S-phase in the
presence of DSB (McAleenan et al., 2013), | can speculate that the system may be different in
vertebrates. In both budding and fission yeasts, separase is responsible for the removal of
cohesins from the chromosomes during mitotic anaphase (Uhlmann et al., 1999, Tomonaga
et al., 2000, Uhlmann et al., 2000), whereas in vertebrates, most cohesins are removed from
the chromosomes during prophase in a separase-independent process which relies on the
cohesin-regulatory proteins Pds5 and Wapl (Waizenegger et al., 2000, Losada et al., 2002).
Based on the apoptosis data and cell cycle analysis of Pds5-depleted cells in this study,
perhaps the post-replicative DNA repair mechanism in vertebrates requires Pds5; however, it

remains to be determined whether Wapl is involved in the DNA repair mechanism.

Examination by immunofluorescence microscopy did not reveal whether Pds5-depleted cells
are sensitive to metaphase arrest, because | did not observe an increase in number of mitotic
cells. (Figure 3.9 on page 74). However, the S-phase phenotypes and the fact that Pds5
depletion causes a delay in S-phase that is mediated by a checkpoint response lead me to
speculate that chk1 inhibition may allow cells to progress into mitosis. Therefore, it would
have been interesting if | had addressed whether the depletion of both Pds5 and Chk1 might
increase the incidence of mitotic arrest. Perhaps some cells have completed mitosis after a
defective anaphase, especially for those cells that displayed mitotic abnormalities (Figure 3.11
on page 76) due to incomplete loss of SCC. This phenomenon may be the eventual cause of
the production of cells displaying micronuclei or macronuclei (Figure 3.10 on page 75).
Micronuclei are common indicators of genomic instability and are associated with

chromosome loss and unstable chromosomes (Ford et al., 1988).

It is highly likely that a correlation exists between the frequency of misalignment and the
frequency of micronuclei in Pds5 depleted-cells. Therefore, an investigation is required to

monitor the dynamic processes of chromosome movement and separation using live-cell
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imaging. However, the interpretation of these results raises the question of how the loss of
Pds5 proteins causes such mitotic errors responsible for chromosome misalignments. To
address this question, it may be worth examining whether the loss of Pds5 proteins has a
direct effect on the localization of a key factor required to prevent chromosome
misalignment, such as Bub1 (Klebig et al., 2009). If so, this may help to explain why the

spindle checkpoint function was lost.
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4.1. Introduction

The cohesin regulatory factors Wapl and Pds5 co-localize with cohesin on interphase
chromosomes to form a complex which dissociates cohesin from chromosomes during
mitosis (Shintomi and Hirano, 2009). However, unlike Wapl, Pds5 is essential for sister-
chromatid cohesion and chromosome condensation (Hartman et al., 2000). This suggests that
Pds5-independent Wapl has a putative regulatory function in establishing SCC with the
cooperation of Escol and Sororin during S-phase. However, during mitosis Pds5 has anti-

establishent function with the aid of Wapl to disestablish SCC.

Two critical questions arise: how are Pds5 and Wapl regulated throughout the cell cycle and
what is the mechanism that controls the interaction of Pds5 and Wapl and subsequent
dissociation from chromatin during mitosis? Since it is known that Pds5B contains possible
consensus sites for Cdk1 phosphorylation (Losada et al., 2005) (Fig 3A and B), preliminarily
speculation was that the modifications of Pds5 function might be modulated by
phosphorylation in early mitosis and that this modification could be upstream of

conformational changes in cohesin.

A possible way to detect phosphorylation is the electrophoretic mobility shift on SDS-PAGE,
as most phosphorylated proteins exhibit slower migration on SDS-PAGE compared to their
non-phosphorylated forms (Wegener and Jones, 1984), although some other phosphorylated
proteins may exhibit a faster electrophoretic mobility on SDS-PAGE than their non-
phosphorylated forms (Ye et al., 1997). Therefore, | set out to examine whether Pds5B is
phosphorylated during mitosis by testing the gel mobility shift of Pds5B protein on SDS-PAGE
using a lysate prepared from nocodazole-arrested cells. The preliminary results from Western
blot analysis showed no detectable gel mobility shift of Pds5B. Consequently, | was curious to
establish whether there were any gel mobility shifts of Pds5A or Wapl. Surprisingly, | detected
a marked gel mobility shift of Wapl protein in mitotic cell extracts, which suggests a possible
crucial role of Wapl phosphorylation during mitosis. To better understand this phenomenon
and how this post-translational modification of Wapl might influence Pds5 function, | decided

to characterize the function of Wapl in Hela cells.
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4.2. Results

4.2.1. Characterization of Wapl antibodies

Wapl commercial antibody, anti-Wapl polyclonal (Bethyl Laboratories) was tested for its
specificity and produced a single band on a Western blot corresponding to the predicted size
of Wapl protein. When the anti-Wapl polyclonal is bound to its blocking peptide, it no longer
detects its target on the Western blot (Figure 4.1A). Specificity was further confirmed by
siRNA depletion and subsequent decrease in the protein signals using Wapl antibody

(Figure 4.1B).

4.2.2.  Wapl is post-translationally modified in mitotic Hela cells extracts

In order to determine whether the cohesin-related proteins are phosphorylated at mitosis, the
total protein extracts from asynchronous populations and mitotically-arrested cells using 20
nM nocodazole for 18 hrs, were analysed by Western blot to detect shifts in the mobility of
Pds5A, Pds5B and Wapl proteins. | detected a marked gel mobility shift of Wapl protein only
after 24 hrs of nocodazole treatment (Figure 4.2B). This shift is likely due to post-translational
modification by phosphorylation and to validate this observation, | set out to examine the
mobility shift of Wapl protein using various mitotic blocks such as 20 nM nocodazole for 18
hrs, 10 uM Taxol for 18 hrs or a combination of 10 uM Taxol and 0.1 uM okadaic acid for 12
hrs. The Western blot results confirmed the first observation: Wapl protein bands from the
mitotic cell extracts exhibited slower migration on SDS-PAGE compared to Wapl protein

bands from extracts prepared from an asynchronous populations (Figure 4.2C).
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Figure 4.1: Specificity of the Wapl antibody.

Hela cell lysates prepared from exponentially groing cells were wstern blotted with Wapl
antibody (0.5 pg/ml; Bethyl Laboratories) which recognizes a region between residues 1125
and 1175 of human Wapl. To Wapl antibody specificity, Wapl antibody (0.5 pg/ml) was
incubated with the indicated concentrations of Wapl blocking peptides for 3 hrs before
probing the nitrocellulose membrane as shown in (A). Results are representative of three
independent experiments. (B) Hela cells were transfected with control or Wapl siRNAs at the
indicated concentrations for 48 hrs. Protein extracts were prepared, loaded into 8 % SDS-
PAGE gel for and probed with antibodies specific for Wapl and Y-tubulin. Results are
representative of two independent experiments.
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Figure 4.2: Wapl undergoes a mobility shift in mitotic HeLa cell extracts.

HelLa cells were arrested at mitosis by treatment with nocodazole (20 nM) for either 3 hrs or
24 hrs. (A) A FACS profile of propidium iodide-stained nuclei indicates cell cycle arrest at
mitosis. (B) Total proteins were extracted using RIPA buffer supplemented with proteinase
inhibitors and analysed by Western blot using the indicated antibodies. (C) Mitosis-specific
mobility shift of Wapl was determined in Hela cells arrested with various mitotic blockers.
Cells were incubated with or without 20 nM nocodazole for 18 hrs, or a combination of 10
#M Taxol and 0.1 uM okadaic acid for 12 hrs, or 10 uM Taxol only for 18 hrs. Total proteins
were extracted and analyzed by Western blot using the indicated antibodies. Result shown is
representative of two independent experiments.
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4.2.3.  The intracellular localization of Wapl is cell-cycle-dependent

The intracellular localization of Wapl protein was assessed at various stages of the Hela cell
cycle. As Sccl, Wapl protein was detectable within the nucleus during interphase, but
dissociated from chromatin from prophase to anaphase. Wapl re-associated with chromatin
by late telophase (Figure 4.3). Interestingly, the expression level of Wapl protein was slightly
elevated during mitosis, followed by destruction of the protein at exit from mitosis as assessed
by degradation of cyclin B1 (Figure 4.4). A similar pattern of protein expression was seen with
Scc1 (Figure 3.2 on page 62) upon release from aphidicolin block, suggesting that Wapl may

also destroyed after mitosis.

4.2.4.  Wapl is required for chromosome separation in human cells

In order to test whether Wapl is required for sister chromatid resolution, | used ON-TARGET
plus SMARTpool siRNA strategy to specifically deplete Wapl from Hela cells. Wapl protein
was greatly reduced compared to controls following 48 hrs siRNA treatment (Figure 4.5A),
while the levels of other cohesin-related proteins such as Pds5A, Pds5B and Scc1 were not
affected by siRNA treatment (Figure 4.5B). When chromosome spreads were prepared from
Wapl siRNA-treated cells which had been treated with either Taxol (10 uM) or a combination
of Taxol (10 uM) and okadaic acid (0.1 pM), | observed a significant increase in the number
of nuclei with unresolved chromosomes at the arms and at the centromeric region after the
loss of Wapl protein (Taxol, mean + SD = 31 + 10 %; n = 100 nuclei; P < 0.007; Taxol and
okadaic acid, 30 + 8 %; n = 100 nuclei; P < 0.001) compared to control siRNA-treated cells
(Taxol, 0.3 + 0.5 %; n = 100 nuclei; P < 0.007; Taxol and okadaic acid, 0.3 + 0.5 %; n = 100
nuclei; Figure 4.6). This observation was confirmed using single siRNA oligonucleotide-
treated cells (see appendix, Figure A. 8). | conclude from these data that Wapl protein is
required for chromosome resolution both at the chromosome arms and in the centromeric

region.
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Figure 4.3: The intracellular distribution of Wapl and Scc1 during the cell cycle.

Hela cells grown on coverslips were fixed with 3.7 % (v/v) formaldehyde and permeabilized
with 0.1 % (v/v) Triton X-100. After blocking with 5 % (w/v) BSA, cells were co-stained with
antibodies against Wapl (green) and Scc1 (red). DNA was stained with Hoechst 33342 (blue).
Merged images are shown (right panel). Scale bar: 8 um. This figure is representative of three
independent experiments.
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Figure 4.4: Analysis of endogenous Wapl protein levels during the cell cycle.

Asynchronously growing Hela cells were arrested at the G1/S-phase boundary with 10 pg/ml
aphidicolin. After 24 hrs, cells were washed three times with 1 % (w/v) PBS and fresh
medium was added. Total protein extracts were prepared at the indicated time points. Wapl,
cyclin B1 and Y-tubulin protein levels were determined by Western blot using specific
antibodies. Results are representative of two independent experiments.
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Figure 4.5: Wapl siRNA.

Hela cells were transfected with either control or a SMARTpool of Wapl siRNA (50 nM) for
the times indicated (A) or for 48 hrs (B). Total proteins were extracted using RIPA buffer
supplemented with proteinase inhibitors and the cell lysates were analysed by Western blot
using the indicated antibodies. This figure is representative of two independent experiments.
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Figure 4.6: Wapl is required for sister chromatid resolution.

Chromosome spreads were prepared from Hela cells treated with 10 uM Taxol for 18 hrs or
10 pM Taxol and 0.1 pM okadaic acid for 12 hrs in which Wapl was depleted by Wapl
siRNAs (50 nM). (A-C) Representative light microscopy images showing the observed
differences in morphology; enlarged images are shown in the insets. Scale bar: 8 um. (D & E)
Quantification of the chromosome spreads obtained in (A-C) and classified according to their
morphology. At least 100 nuclei were analysed in each of three independent experiments.
Means and standard deviations are shown; *P < 0.005; **P < 0.001. P-values were calculated
using two-way ANOVA.
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4.2.5. Loss of Wapl induces abnormal mitosis

Forty-eight hours after Wapl siRNA treatment, in contrast with Pds5A and Pds5B siRNA,
neither remarkable dead cells floating in the culture medium observed (using light
microscopy) nor an increase in the percentage of sub-G1-phase cells were detected by FACS
analysis. These results suggests that Wapl loss might not be lethal to the Hela cells
(Figure 4.7A). A validation by Western blot using cleaved caspase-3 and PARP antibody
indicated that loss of Wapl did not trigger an apoptotic response in Hela cells (Figure 4.7B).
However, examination by immunofluorescence microscopy revealed an increased number of
interphase cells with one or more micronuclei (mean = 21 %) and nuclear buds (mean = 32
%; Figure 4.8Aa and B) in Wapl-depleted cells. Additionally, | could see abnormal
chromosome segregation such as chromosomal bridge formation during anaphase and
cytokinesis (mean = 24 %; Figure 4.8A, panels b and ¢, and C; appendix Figure A. 9).
However, it is unclear at what stage of the cell cycle the micronuclei were formed. They may
have been generated after abnormal chromosome segregation, as remnants of the
chromosomal bridge formed during anaphase, as shown in Figure 4.8A, panel c. Furthermore,
no prophase/metaphase/anaphase cells were observed, but instead cells undergo abnormal
division and having Pds5A, Pds5B and Sccl stably associated with chromosomes
accompanied by a reduction of their levels in the cytoplasmic compartments, in which
constriction of the cleavage furrow had advanced considerably and an anaphase bridge had

formed (Figure 4.9A and B).
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Figure 4.7: Wapl depletion does not affect cell cycle progression.

(A) Profile of propidium iodide-stained Hela cell nuclei after 48 hrs Wapl siRNA treatment. (B
& C) Hela cells were transfected with either control or a SMARTpool of Wapl siRNA (50 nM)
for the 48 hrs and cell lysates were analysed by Western blot using the indicated antibodies.

This figure is representative of one experiment.
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Figure 4.8: Wapl depletion induces an abnormal mitosis.

Representative immunofluorescence images of Wapl-depleted cells. Hela cells were fixed
with -20 °C methanol following 48 hrs Wapl siRNA treatment and co-stained with anti-o-
tubulin antibody (green) to visualize the microtubules, anti-Y-tubulin antibody (red) to
visualize the centrosomes and Hoechst 33342 (blue) to visualize the chromosomes. (B and
C) Hela cells were stained with Hoechst 33342 only. The arrows in (A, panel a, and B)
indicate nuclear buds, in (A, panel b, and C) they indicate chromosomal bridge formation
and in (A c) they indicate micronuclei and nuclear buds as remnants of chromosomal bridge.
Scale bar: 8 pm. (D) Percentage of cells displaying chromosomal bridge, nuclear buds and
micronucleation. Two independent experiments were analysed and the mean is shown of
measurements from at least 50 cells.
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Figure 4.9: Pds5A, Pds5B and Scc1 are stably associated with chromatin in Wapl-
depleted cells.

Hela cells were transfected with either control siRNA (50 nM) or SMARTpool Wapl siRNAs
(50 nM). After 48 hrs, cells were fixed with 3.7 % (v/v) formaldehyde and permeabilised with
0.1 % (v/v) Triton X-100. After blocking with 5 % (w/v) BSA, cells were co-stained with Scc1
and either Pds5A or Pds5B antibodies. DNA was stained with Hoechst 33342. Merged images
are shown. Scale bar: 8 um. (A) Upper panel: Control anaphase cell shows normal
chromosomes separation with distribiution of Pds5B in the cytoplasmic compartment; lower
panel: Abnormal anapase with chromosomal bridge formation and Pds5B is stably associated
with chromosomes accompanied by a reduction of its level in the cytoplasmic compartments.
(B) Upper panel: Control cell shows normal telophase and localization of Pds5A on
chromatin and in the cytoplasmic compartment; lower panel: Abnormal telophase cell with
chromosomal bridge formation and Pds5A is stably associated with chromosomes
accompanied by a reduction of its level in the cytoplasmic compartments. The percentage of
cells displaying abnormal cell division is shown on the right. Two independent experiments
were analysed and the mean is shown of measurements from at least 40 cells.
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4.2.6. Wapl may be phosphorylated at mitosis

Studies to date have provided no insight into the mechanism by which Wapl regulates
cohesin removal at prophase. To address this question, | examined the mobility shift of Wapl
protein at various times after release from nocodazole block. The Western blot shown in
Figure 4.10 indicates that the Wapl mobility shift occurred only in mitotically arrested cells
and was then reduced when the cells completed mitosis after 9 hrs, accompanied by a
reduction in the level of Wapl protein. The mobility shift of Wapl during this period suggests
that it may be regulated by phosphorylation during mitosis, which has not been previously
reported. The decline in Wapl protein expression at the end of mitosis may be due to its
degradation, possibly mediated by APCcdh! as a KEN-box is present in the Wapl protein

sequence.

4.2.7.  PIk1 is a candlidate for Wapl phosphorylation at mitosis

Mitosis is a process that is highly regulated by several serine/threonine protein kinases. Plk1
and Aurora B have been the focus of intensive studies because of their strong association with
several mitotic events, including their requirement in the prophase pathway (Andrews et al.,
2003, Barr et al., 2004). In order to identify the factor potentially responsible for Wapl
phosphorylation, | sought to inhibit the function of the mitotic kinases, PIK1 and Aurora B,
using their selective inhibitors Bl 2536 (Lenart et al., 2007) and ZM 447439 (Gadea and
Ruderman, 2005) respectively. For this purpose, | compared the gel mobility shift of Wapl in
nocodazole-arrested cells (control) with that of cells treated with a combination of

nocodazole and increasing concentrations of either Bl 2536 or ZM 447439.

A concentration-dependent reduction of the Wapl gel mobility shift was observed in cells
treated with the PIk1 inhibitor, Bl 2536, with full efficacy at 0.1 uM (Figure 4.11A), whereas
the Aurora B inhibitor, ZM 447439, did not prevent the gel mobility shift of Wapl even at
concentration upto 2uM (Figure 4.11B), although ZM 447439 was functionally active as it
caused G2/M-phase arrest as anlysed by FACS (Figure 4.11C). These results indicate that
Wapl may be a target of Plk1 phosphorylation upon PIk1 activation. | further investigated
Wapl localization using immunofluorescence microscopy to assess whether its localization is
phosphorylation-dependent. Compared with nocodazole-arrested cells, Wapl was found to
be stably associated with unresolved sister chromatids in both Bl 2536-arrested cells and in
nocodazole plus Bl 2536-arrested cells (Figure 4.12A). To confirm this result, | sought to
isolate the cytoplasmic and the nuclear fraction (as describe in the material and methods)
from Hela cells being subjected to 10 pg/ml aphidicolin or 20 nM nocodazole in the

presence or absence of 1 uM Plk1 inhibitor Bl 2536 for 18 hrs. The fractions were obtain is
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pure as judged by Western blot with Histone H3 and a-tubulin (Figure 4.12B). Interestingly,
Pds5A, Pds5B, Scc1 and Wapl are still present in the chromatin fraction after the inhibition of
Plk1 (Figure 4.12B). Since Wapl is required for sister chromatid resolution (Figure 4.6 on page
95), it may also be required for the dissociation of Pds5A, Pds5B and Scc1 from sister
chromatids during mitosis. However, the phosphorylation of Wapl or other cohesin core

subunits may be a prerequisite.

4.2.8. Removal of Pds5A and cohesin from chromosomes is dependent on Wapl

The results reported on section 4.2.7 lead me to speculate that whether treatment of Hela
cells with the Plk1 inhibitor Bl 2536 to prevent Wapl phosphorylation also prevented the
phosphorylation of cohesin and Sororin by Plk1 (Zhang et al., 2011). Therefore, the observed
phenotype could also result from the inhibition of cohesin or Sororin phosphorylation by
Plk1. To address this question, | monitored the intracellular localization of Pds5A and Pds5B
after the siRNA depletion of Wapl in mitotically arrested cells. Under this condition Plk1
would still phosphorylate cohesin and Sororin. However, the results of this experiment
indicated that Pds5A, Pds5B and Scc1 remained bound to chromatin in the absence of Wapl.
Interestingly, | found that both Pds5A and Pds5B remained associated with sister chromatids
in both Bl 2536-arrested and nocodazole-Bl 2536-arrested cells (Figure 4.13). It is likely that
cohesin also remained associated with sister chromatids, because the chromosomes remained
attached. This result suggests that phosphorylation of cohesin and Sororin by Plk1 may not be

sufficient to remove cohesin and Pds5 proteins upon the loss of Wapl.
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Figure 4.10: Wapl mobility shift is abolished after mitosis.

Hela cells were treated with 20 nM nocodazole for 3 or 24 hrs. Cells treated for 24 hrs were
washed three times with 1 % (v/v) PBS followed by incubation at 37 °C in nocodazole-free
medium for 3, 6, 9, 16 hrs. Total proteins were extracted using RIPA buffer supplemented
with proteinase inhibitors and 0.1 pM okadaic acid. Wapl, cyclin B1 (as a marker for mitotic
cells) and Y-tubulin protein levels were analyzed by Western blot. Results are representative
of two independent experiments.

102



Chapter 4: Characterization of Wapl in the mammalian cell cycle

A C
el . Non-treated g, Noc.
BI 2536 (uM) 00101 1 1 g -
Noc. (20 nM) + + o+ o+ 8 2
Wapl | 0 " D Wp == e 5 3
y-tubulin | £ R AT s -
200 400 E00 200 400 E00
2| 84 2ZM 447439 5, BI2536
a|s 5
o = =
° 3
] 2| = s
3| . -
ZM 447439 (uM) 002 02 2 2 © 8
Noc (20 nM) " + " N i 200 400 E00 200 400 E00
=7 Noc. + ZM 447439 g3 Noc. +BI 2536
Wapl | ) D W e @ g g
wupulin | S e e s <
b 200 400 &0 o 200 400 E00

Relative DNA count

Figure 4.11: Mitosis-specific mobility shift of Wapl is suppressed by inhibition of
Plk1.

(A) Hela cells were incubated either with or without 20 nM nocodazole and either in the
presence or absence of the Plk1 inhibitor Bl 2536 (0.01, 0.1 and 1 puM) for 18 hrs. Proteins
were extracted using RIPA buffer supplemented with proteinase inhibitors and 0.1 uM
okadaic acid. Wapl and Y-tubulin protein levels were analyzed by Western blot. (B) Hela
cells were incubated either with or without 20 nM nocodazole either in the presence or
absence of Aurora B inhibitor, ZM 447439 (0.02, 0.2 and 2 uM). After 18 hrs incubation,
proteins were extracted from the cells using RIPA buffer supplemented with proteinase
inhibitors and 0.1 pM okadaic acid. Wapl and Y-tubulin protein levels were analyzed by
Western blot. (C) FACS analysis of propidium iodide-stained nuclei of control cells and cells
exposed to 20 nM nocodazole, 0.2 uM ZM 447439, 0.1 uM Bl 2536, 20 nM nocodazole +
0.2 uM ZM 447439 and nocodazole + 0.1 uM Bl 2536. Results are representative of two
independent experiments.
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Figure 4.12: Wapl dissociation from chromosomes depends on Plk1.

Hela cells were incubated with 10 pg/ml aphidicolin or 20 nM nocodazole either in the
presence or absence of 1 pM PIk1 inhibitor Bl 2536 for 18 hrs Brfor the cells were lysed. The
mitotic cells were collected by shake-off and fixed on polylysine coverslips, extracted with a
buffer containing Triton X-100 (0.5 % (v/v) Triton X-100, 20 mM HEPES pH 7.4, 3 mM
MgCl,, 50 mM NaCl and 300 mM sucrose) for 5 min at 4 °C. The cells were then fixed with
3.7 % (v/v) formaldehyde for 20 min at 4 °C and premeablized with ice-cold 100 %
methanol. The cells were then co-stained with the Wapl antibody and Hoechst 33342. (A)
Immunofluorescence microscopy images showing the distribution of Wapl chromosomes in
prophase cells arrested by treatment with either Bl 2536 (1 pM) or a combination of
nocodazole (20 nM) and Bl 2536 (1 uM). Merged images are shown (right panel). Scale bar: 8
um. The frequency of unresolved sister chromatids with Wapl on chromosomes is shown on
the right of measurements of 100 cells. The histogram represents the mean of two
independent experiments. (B) Western blot analysis of cytoplasmic (Cyto) and chromatin
(chrom.) fractions using the indicated antibodies. Histone H3 and a-tubulin were used to
demonstrate the purity of the chromatin and cytoplasmic fractions, respectively. These results
are representative of two independent experiments were conducted.
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Figure 4.13: Removal of Pds5A and Pds5B proteins from chromatin is dependent on
Wapl.

Exponentially growing Hela cells were transfected with either control siRNA (50 nM) or
SMARTpool Wapl siRNAs (50 nM) for 48 hrs. The cells were then treated with nocodazol
(20nM) for 18 hrs. The mitotic cells were collected by shake-off and fixed on polylysine
coverslips, extracted with a buffer containing Triton X-100 (0.5 % (v/v) Triton X-100, 20 mM
HEPES pH 7.4, 3 mM MgCl,, 50 mM NaCl and 300 mM sucrose) for 5 min at 4 °C. The cells
were then fixed with 3.7 % (v/v) formaldehyde for 20 min at 4 °C and premeablized with ice-
cold 100 % methanol. The cells were then stained with the Pds5A antibody (A) or Pds5B
antibody (B). DNA was stained with Hoechst 33342. Merged images are shown (right panel).
Scale bar: 5 pm. Magnified views of the boxed regions are shown in order on the right. Three
independent experiments were analysed.

105



Chapter 4: Characterization of Wapl in the mammalian cell cycle

4.2.9. Overexpression of Flag-Wapl in HEK 293T cells.

To define and map the possible phosphorylation site in the Wapl sequence, Full length
human Wapl was cloned in pLEICS-12 (cloning was performed by Dr. Xiaowen Yang using
the In-Fusion technique, Protex, Department of Biochemistry, University of Leicester,
www?2.le.ac.uk/departments/biochemistry/research-groups/protex, see appendix Figure A. 4
and 5) and overexpressed in HEK 293 cells. 48 hrs after transfection, the lysates were
prepared from both the transfected and untransfected HEK 293 cells and subjected to SDS-
PAGE and Western blotting with an anti-Flag antibody or immunoprecipitation and colloidal
Coomassie Blue staining as described in material and methods. The Western blot results
confirm that the Flag-Wapl was expressed and indicate the expected size (Figure 4.14A and
B). Further confirmation by immunofluorescence microscopy showed the expression of

human Wapl protein in the nucleuse of interphase cells as expected nuclear (Figure 4.14C).

4.2.10.  Wapl is associated with cohesin core subunits

To identify Wapl-associated proteins at mitosis, HEK 293 cells were transfected with Flag-
Wapl for 48 hrs and synchronised at either G1/S by treatment of 10 ug/ml aphidicolin for 24
hrs or M-phase by treatment of 20 nM nocodazol for 18 hrs. The cells were then lysed and
the overexpressed Wapl was immunoprecipitated from the cell extracts using anti-Flag
antibody. The immunoprecipitated Flag-Wapl was analysed by SDS-PAGE and Coomassie
staining (Figure 4.15), Proteins co-immunoprecipitated with Flag-Wapl were excised from the
SDS-PAGE gel and sent to the Protein and Nucleic Acid Chemistry Laboratory (PNACL),

University of Leicester, for peptide mass fingerprinting.

4.2.11.  Mass spectrometric analysis of Wapl in vivo phosphorylation sites

Previous studies have identified the consensus phosphorylation sites for Plk1 (Nakajima et al.,
2003, Barr et al., 2004) and Cdk1 (Nigg, 1993, Harvey et al., 2005). Analysis of human Wapl
protein sequences revealed 20 putative Plk1 phosphorylation sites matching the consensus
sequence (E/D/Q)-x-(S/T) and only one matching the consensus sequence (E/D)-x-(S/T)®-x-
(E/D) ©, where @ is a hydrophobic amino acid. In addition, | found five putative Cdk1/cyclin
B1 phosphorylation sites matching the consensus sequence S/T-P and only one matching the
consensus sequence S/T-P-x-K/R. All the predicted plk1 phosphorylation sites are in both C-
and N-terminus, whereas the predicted Cdk1/cyclin B1 phosphorylation sites are found in the
N-terminus. PIk1 contains two polo-box domain (PBD) in its C-terminus, which is responsible
for localizing the catalytic domain in its N-terminus to its substrate by binding to a motif on
the substrate itself or a docking protein (Neef et al., 2007, Elia et al., 2003). The Plk1 PBD is
known to bind to the consensus motif S(S/T) (P/X) (Elia et al., 2003). Further analysis of the
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Wapl protein sequence revealed 18 putative PBD binding sites (Figure 4.16). Among these,
ST388P is also a Cdk1/cyclin B1 phosphorylation site.

Next, | sought to map the putative phosphorylation sites and to identify Wapl interacting
protein using mass spectrometry. To this end, immunoprecipitated Flag-Wapl from HEK 293
which had been synchronized in G1/S or M-phase of the cell cycle was analysed by SDS-
PAGE and Coomassie Blue staining (Figure 4.15). Wapl and other bands were excised from
the SDS-PAGE gel and sent to the PNACL for peptide mass fingerprinting and
phosphopeptide mapping. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis was performed with an LTQ-Orbitrap-Velos-ETD mass spectrometer. Data were
searched using Mascot with the Uni-prot Human database, then viewed, filtered and

analysed using Scaffold, a visualization program for proteomics data.

| found that only Ser?2!, a phosphorylation site for Cdk1/cyclin B1, was phosphorylated in a
sample prepared from aphidicolin-arrested cells (Table 4.1 and Table 4.2), whereas in
samples prepared from mitotically arrested cells, among the 21 putative phosphorylation sites
for Plk1, four sites (Ser380, Ser904, Ser1069 and Ser'076) were confirmed to be phosphorylated
by mass spectrometry analysis; in addition, eleven non-phosphorylated sites were detected
and five sites were not identified by mass spectrometry, probably due to poor digestion of the
protein (Table 4.3). However, determination of the precise phosphorylation site between the
two residues Ser®® or Thr® can be ambiguous, because their daughter fragment ions (y and b)
were not identified by fragmentation spectrum, although it is definitive that at least one of
them was phosphorylated, because the MS/MS fragmentation showed a shift by 80 Da (HPO3
= 80 Da) in mass/charge ratio (m/z) due to peptide modification. In addition, neither of the
two could be ruled out, because their positions match the Plk1 consensus sequence (E/D/Q)-

x-(S/T).

On the other hand, the mass spectrometry analysis confirmed the phosphorylation of two
putative phosphorylation sites for Cdk1/cyclin B1, Ser?2! and Ser?2¢, and non-phosphorylated
sites, Thr388, Ser48> and Ser1146, whereas Ser°4? was not covered by the analysis (Table 4.4;
see appendix, Figure A. 10). The mass spectrometry data suggest that Wapl may be a new

substrate for both PIk1 and Cdk1/cyclin B1.

4.2.12.  Direct phosphorylation of Wapl by Cdk1/cyclin BT and Plk1 kinases
To confirm whether Wapl is phosphorylated by Cdk1/cyclin B1 and Plk1, | performed an in
vitro kinase assay using Flag-tagged Wapl immunoprecipitated by anti-Flag antibody from

transfected HEK293 cells synchronised in G1/S. The kinase assay was performed using the
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methods outlined in section 2.2.3.6 on page 57. Wapl can be phosphorylated by both
Cdk1/cyclin B1 and Plk1 (Figure 4.17A). In this assay, Aurora B showed no
autophosphorylation with Wapl, whereas the two positive controls, Histone H1 and MBP,

were phosphorylated as expected.

Given that Cdk1 cooperates with Plk1 to phosphorylate substrates (Yamaguchi et al., 2005,
Zhang et al., 2009b), | speculated that either Cdk1/cyclin B1 or Plk1 requires a priming
reaction to facilitate Wapl phosphorylation. To examine this hypothesis, | performed a
sequential kinase assay by first using either Cdk1/cyclin B1 or Plk1 to phosphorylate Wapl in
the presence of cold ATP, then washing out the kinase or depleting and inhibiting the kinase
activity with either Cdk1 inhibitor RO-3306 or PIk1 inhibitor Bl 2536 to minimize the
incorporation of [Y-32P]-ATP by the kinase, finally adding the second kinase to phosphorylate
Wapl in the presence of [Y-32P]-ATP. In both ways, Cdk1/cyclin B1 and Plk1 phosphorylated
Wapl (Figure 4.17B) and the Wapl bands produced by phosphorylation were similar. Taking
these results from both in vitro kinase assays together, | conclude that Wapl does not require

a priming reaction for its phosphorylation.

4.2.13.  Phosphorylation of Wapl may enables its interaction with Pds5A

In an attempt to shed light on the function behind Wapl phosphorylation by Plk1 and
Cdk1/cyclin B1, | analysed the interaction of Wapl with Pds5A. Having observed that Wapl
protein level changed throughout the cell cycle, | decided to immunoprecipitate Pds5A,
because the level of Pds5A remains constant throughout the cell cycle and because Wapl
interacts preferentially with Pds5A (Kueng et al., 2006). To this end, | prepared cell lysates
from Hela cells synchronized at G1/S by aphidicolin treatment or at mitosis by nocodazole
treatment and then released from the block for 3 hrs or 3 and 9 hrs respectively. Alternatively,
the lysates were prepared from Hela cells synchronized at G1/S and released for 1 h before
being treated for 18 hrs with either RO-3306 or Bl 2536. The lysates were next subjected to
Pds5A immunoprecipitation using anti-Pds5A polyclonal and the immunoprecipitates were
then resolved by SDS-PAGE and analyzed by immunoblotting (Figure 4.18; appendix Figure
A. 11). Anti-Pds5A co-precipitated Scc1 and Wapl with less detectable Wapl in G1/S arrested
cells compared to Scc1 (Figure 4.18, lane 9). Three hours after release from aphidicolin
block, more Wapl was detectable in this precipitate (Figure 4.18 lane 10); however, it is not
clear whether this indicates a direct interaction. During mitosis, however, Wapl is found in a
complex with Pds5A and cohesin and undergoes the process of post-translational
modification, as judged by the rapid migration of the Wapl band (Figure 4.18 lane 11),
followed by the dissociation of Wapl (Figure 4.18 lane 12) and then the dissociation of Scc1

108



Chapter 4: Characterization of Wapl in the mammalian cell cycle

(Figure 4.18 lane 13). This may be because Wapl and Sccl were degraded after
phosphorylation; however, the inhibition of PIk1 and Cdk1 abolish the interaction of Pds5A
with  Wapl but not with Sccl (Figure 4.18 lane 14 and 15), suggesting that the
phosphorylation of either Wapl, Sororin or both may trigger the interaction between Wapl

and Pds5A.

109



Chapter 4: Characterization of Wapl in the mammalian cell cycle

Flag IP
>
SN
& &8
A B s & 3
N 2
N
> kDa S Q %
<
5\ 260w :
@ <t Flag-Wapl
S 35 - e
L S S0
5 Q\q" 72 - .
kDa o — <1gG heavy chain
140 &= | Anti-Flag w -
45 | emmems | Anti-Actin 34 W < Unkown

26 Whemmmmm_—_—E |G light chain

[ |

Hoechst Anti-Flag Merged

Untransfected

Flag-Wapl

Figure 4.14: Expression and interacellular localization of Flag-tagged Wapl protein.

Flag-tagged Wapl was transiently co-transfected into HEK 293T cells using FUGENE 6 and
after 24 hrs the expression was confirmed either by Western blot using anti-Flag antibody (A)
or immunoprecipitated with anti-Flag antibody and analysed by SDS-PAGE and colloidal
Coomassie staining (B). Untransfected cells and buffer only served as negative control.
Molecular wights (kDa) are indicated in the right othe Western blot and the Coomassie gel.
(O) Alternatively cells were fixed with 3.7 % (v/v) formaldehyde for 20 min and treated with
0.1 % (v/v) Triton X-100 for 10 min. After blocking with 5 % (w/v) BSA, cells were stained
with antibody against Flag (green). DNA was stained with Hoechst 33342 (blue) and then
analysed by Immunofluorescence microscopy. Merged images are shown in the right panels.
Scale bar: 8 um. This is representative of two independent experiments.
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Figure 4.15: Wapl is associated with the cohesin core subunits.

Flag-tagged Wapl was transiently co-transfected into HEK 293T cells for 24 hrs. The cells
were then synchronised at either the G1/S by treatment with aphidicolin (10 ug/ml) or M-
phase by treatment with nocodazole (20 nM). The cells were lysed and Wapl was
immunoprecipitated using anti-Flag antibody. (A) Wapl-Immunoprecipitates were analysed
by SDS-PAGE and Coomassie staining; bands (1-5) were excised from the SDS-PAGE gel and
sent to PNACL, University of Leicester, for peptide mass fingerprinting and phosphopeptide
mapping. (B) Mass spectrometry analysis of Wapl immunoprecipitates. Mascot scores,
number of peptides and sequence coverage are shown. This is representative of one

experiment.
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Figure 4.16: Putative PBD binding motifs in human Wapl.

The red letters indicate the putative PBD binding motifs. The phosphorylation sites that have
been confirmed by mass spectrometry are labelled with *. The solid lines (—) underneath the
letters show the putative Plk1 phosphorylation sites, whereas the dashed lines (-----) show the
Cdk1/cyclin B1 phosphorylation sites. The box shows the KEN box.
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Figure 4.17: Phosphorylation of Wapl by Cdk1 and Plk1 using /in vitro kinase assay.

HEK 293 cells were transfected with Flag-tagged Wapl for 48 hrs. Cells were then arrested at
G1/S by treatment with 10 pg/ml aphidicolin for 24 hrs. The cells were then lysed and Wapl
was immunoprecipitated from the cell lysates using an anti-Flag antibody. The
immunoprecipitated Flag-tagged Wapl was then used as a substrate for in vitro kinase assay.
(A) Lanes 1-3; Wapl was used as a substrate for Cdk1/cyclin B1, Plk1 and Aurora B
respectively in the presence of [Y-32P]-ATP. Lanes 4-6; Histone H1 was used as positive
control for Cdk1/cyclin BT and MBP and was used as positive control for both Plk1 and
Aurora B. Samples were analysed by 10 % SDS-PAGE and Coomassie staining and dried for
autoradiography. (B) Sequential kinase assay for immunoprecipitated Wapl. Lanes 1 and 2;
Wapl was first phosphorylated by Cdk1/cyclin B1 with cold ATP (Step 1), then Cdk1/cyclin
B1 was inhibited by adding RO-3306 (0.1 pg/ul) or removed by washing the beads (Step 2)
before Plk1 and [Y-32P]-ATP were added to phosphorylate Wapl (Step 3). Lanes 3 and 4;
Wapl was first phosphorylated by Plk1 with cold ATP (Step 1), then Plk1 was inhibited by
adding Bl 2536 (1 pM) or removed by washing the beads (Step 2) before Cdk1/cyclin B1 and
[Y-32P]-ATP were added to phosphorylate Wapl. Samples were analysed by 10 % SDS-PAGE
and Coomassie Blue staining. The gel was then dried for autoradiography.
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Figure 4.18: Wapl co-immunoprecipitates with Pds5A.

Hela cells were synchronised at either the G1/S by treatment with 10 pg/ml aphidicolin for
24 hrs or at M-phase by treatment with nocodazole (20 nM). The cells were then released for
the indicated time. Alternativelly Hela cells were synchronized at G1/S and released for 1 h
before being treated for 18 hrs with either RO-3306 or Bl 2536. The cells were then lysed and
the total extract (combination of soluble and chromatin associated proteins) were prepared
before being subjected to Pds5A immunoprecipitation using an anti-Pds5A antibody. The
immunoprecipitates (lanes 9-15) along with input (lanes 1-7) were analysed by SDS-PAGE
and Western blotting using Pds5A, Scc1 and Wapl antibodies. Asynchronous Hela cells plus
beads and without antibody (—~Ab) was used as negative control for IP. This is representative of

one experiment.
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4.3. Discussion

Recent studies have demonstrated that Wapl is a cohesin-binding protein that regulates sister
chromatid resolution (Gandhi et al., 2006, Kueng et al., 2006). The present study found that
Wapl exhibited a localization pattern reminiscent of the localization of Pds5A and cohesin
(Figure 4.3 on page 92). In contrast with a previous report showing that the total level of Wapl
protein was constant throughout the cell cycle (Gandhi et al., 2006), the present study has
found that the level of Wapl protein was slightly elevated during mitosis, followed by a
reduction at exit from mitosis (Figure 4.4 on page 93). The reduction of Wapl protein
expression may be due to degradation of the protein, as a KEN-box is present in the Wapl
protein sequence, suggesting that Wapl is required during mitosis to regulate cohesin removal

at prophase, but it may not be required after mitosis.

Depletion of Wapl by siRNA from Hela cells prevented chromosome separation, as judged
by the quantification of the chromosome spreads in Figure 4.6 on page 95. This is consistent
with previous findings that Wapl promotes the release of cohesin from chromosomes during
mitosis (Gandhi et al., 2006, Shintomi and Hirano, 2009). Unlike Pds5, Wapl seems not to
be involved in DNA damage response, because Wapl knockdown did not influence any
defect in cell cycle progression or induction of apoptosis (Figure 4.7 on page 97). As a
consequence, cells exhibit abnormal chromosome separation accompanied by chromosomal
bridge formation. It may be that those cells failed to progress to prophase and Wapl seems to
be an important factor that is required for proper prophase progression and for the removal of
Pds5A, Pds5B and Scc1, because | observed that in the absence of Wapl these three proteins
were still associated with chromosomes when the cells underwent division. The presence of
of Pds5A, Pds5B and Scc1 on chromatin at prophase may have promoted the formation of an
anaphase bridge, because cohesion was maintained between the sister chromatids. However,
how the micronuclei in Wapl-depleted cells are formed is still unclear. It is most likely that
the micronuclei are remnants of the chromosomal bridge formed during anaphase after the

loss of Wapl.

Budding yeast depleted of Wapl exhibits cohesion defects and impaired loading of cohesin
onto chromosomes (Rolef Ben-Shahar et al., 2008, Rowland et al., 2009, Sutani et al., 2009),
whereas fission yeast depleted of Wapl has no effect on the establishment and maintenance
of SCC (Feytout et al., 2011). At first glance, the phenotypes observed in budding and fission
yeast are different from the defect observed in Xenopus egg extracts (Shintomi and Hirano,
2009) and in Hela cells depleted of Wapl (this study). The FGF motifs present at the N-

terminus of Wapl are functionally important, because they facilitate the interaction of Wapl
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with Pds5 proteins and the cohesin subunits SA1 and Scc1. Mutations in the FGF motifs of
Wapl prevent its interaction with Pds5, SAT or Scc1 and the resolution of sister chromatids
(Shintomi and Hirano, 2009). Consistent with this, | have demonstrated that in HelLa cells,
Smc1, Smc3, Sccl and Pds5A were co-immunoprecipitated with Wapl. Since the Wapl
orthologs in budding and fission yeast lack the FGF motifs (Figure 1.7 on page 28), it may be
that Wapl is not an essential protein in these organisms, whereas in the vertebrates, Wapl
may have gained the ability to interact with cohesin and Pds5 in a more efficient way to
release cohesin during mitosis. Therefore, the function of Wapl seems to differ substantially

among different organisms.

In this study, the mobility shift of the Wapl band on Western blots from mitotic cell lysates is
considered to be a major indicator of the post-translational modification of Wapl by
phosphorylation. Plk1 and Aurora B are thought to be strongly associated with several mitotic
events, including their requirement in the prophase pathway (Andrews et al., 2003, Barr et
al., 2004). As a first attempt to identify the mitotic kinases responsible for Wapl
phosphorylation, | have provided evidence that following the inhibition of the function of
PIK1 using its selective inhibitor, Bl 2536, the gel mobility shift of Wapl was reduced,
whereas inhibition of the function of Aurora B did not have the same effect, suggesting that

Wapl may be a new target of Plk1.

A comparison of my results with the observation that Bl 2536 suppresses cohesin release from
chromosomes (Lenart et al., 2007) indicates strongly that Wapl dissociation from
chromosomes is Plk1-dependent phosphorylation. Wapl was found to be stably associated
with the mitotic chromatin after the inhibition of Plk1 and the chromosomes remained
attached (Figure 4.12A on page 104). Moreover, the Pds5 proteins, Scc1 and Wapl were still
present in the mitotic chromatin fraction after the inhibition of Plk1 (Figure 4.12B on page
104). Because these results did not exclude the possibility that the inhibition of cohesin or
Sororin phosphorylation by Plk1 or Cdk1l may lead to similar phenotypes, | sought to
maintain phosphorylation of these proteins upon the loss of Wapl. Interestingly, the results
obtained, allowed me to suggest that phosphorylation of cohesin or Sororin by Plk1 or Cdk1
does not rescue the phenotype caused by the loss of Wapl, because the Pds5 proteins were
detected on the chromosomes in mitotically-arrested cells and the sister chromatids remained
attached (Figure 4.13 on page 105). This suggests that PIk1 acts upstream of the removal of
Pds5A, Sccl and Wapl from chromosomes at mitosis, which could be thruogh the
phosphorylation of Scc1, Sororin and Wapl. However, it remains to be determined whether
mutations in the Plk1 phosphorylation sites of Wapl also lead to sister chromatid non-

disjunction.
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The data in the present study demonstrate that Wapl is substrate for Cdk1/cyclin B1 and Plk1.
Analysis of the Wapl protein sequence for consensus motifs with potential Plk1 and
Cdk1/cyclin B1 phosphorylation indicates that there are 21 putative Plk1 phosphorylation
sites and six putative Cdkl1/cyclin B1 phosphorylation sites. Only four putative Plk1
phosphorylation sites (Ser380, Ser?04, Ser1069 and Ser'076), one ambiguous site (Ser®® or Thr6?)
and two putative Cdk1/cyclin B1 phosphorylation sites were confirmed by mass spectrometric
analysis in this study, suggesting that Wapl is a kinase-regulated protein. Most known
functions of Plk1 are dependent on the PBD present on its C-terminus. The PBD of Plk1 binds
to substrates previously phosphorylated (primed), often by Cdk1/cyclin B1 or by PIk1 itself
(Elia et al., 2003, Lowery et al., 2007, Liu et al., 2012). It has also been reported that the PBD
is responsible for localizing the N-terminal catalytic domain of PIk1 to its substrate by binding
to a motif on the substrate itself or a docking protein (Elia et al., 2003, Neef et al., 2007).
Accordingly, | found 18 putative PBD binding sites on Wapl (Figure 4.16 on page 116).
Among these, ST38P is also a Cdkl1/cyclin B1 phosphorylation site. However, it is still
unknown which PBD binding sites on Wapl have the potential for Plk1 interaction with
Wapl. Using an in vitro kinase assay, | demonstrated that Wapl is directly phosphorylated by
Plk1 and Cdk1/cyclin B1, suggesting that phosphorylation of Wapl by Plk1 does not require
the PBD binding motif on Wapl to be previously phosphorylated by Cdk1/cyclin B1.

It has been shown previously that PIk1 can phosphorylate Scc1 and SA1/SA2 (Sumara et al.,
2002), although Plk1 contributes to cohesin dissociation from chromosome arms only after
SA2 phosphorylation (Hauf et al., 2005). However, no PBD binding site has been found on
SA2 or other cohesin core subunits; therefore, it has been suggested that Sororin acts as a
docking protein and recruits Plk1 to phosphorylate SA2 during prophase (Zhang et al., 2011).
| can speculate similarly that Wapl may also act as a docking protein to facilitate SA2 and
Sororin phosphorylation by Plk1, which is essential for the dissociation of cohesin from the
chromosome arms at prophase. This hypothesis is supported by the observation that Wapl is
found in a complex with the cohesin core subunits Smc1, Smc3 and Sccl (Figure 4.15B on

page 111).

My co-immunoprecipitation experiment shows that the inhibition of PIk1 and Cdk1/cyclin B1
prevented the interaction between Wapl and Pds5A, while conversely, the interaction
between Pds5A and cohesin was not prevented after the inhibition of Plk1 and Cdk1/cyclin
B1, although | was unable to provide evidence of a direct interaction. Furthermore, | cannot
conclude that Wapl phosphorylation enables the Wapl-Pds5A interaction, because it may be
that the phosphorylation of both Wapl and Sororin is a key step in enabling Wapl-Pds5A

interaction.
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Given that PIk1 is essential for the removal of sister chromatid arm cohesion (Sumara et al.,
2002), it will be particularly important to investigate the phenotypic results of mutating these
phosphorylation sites on Wapl and to shed light on the function behind Wapl
phosphorylation by Plk1 or Cdk1/cyclin B1. | can speculate that mutating the PBD binding
motif on Wapl may abolish its interaction with Plk1 and Wapl phosphorylation in vitro.
However, in vivo, Sororin may rescue the phenotype caused by disrupting the PBD binding
motif of Wapl and this is possible only if Sororin is bound to Wapl at mitosis, because in
humans, the PBD of Plk1 also interacts with Sororin via its ST159P consensus motif after the
T159 is phosphorylated by Cdk1/cyclin B1 (Zhang et al., 2011). Therefore, PBD may interact
with Sororin to allow the Plk1 catalytic domain to phosphorylate Wapl.

Based on my data it is, therefore, likely that there is a link between Wapl phosphorylation and
its interaction with Wapl’s partner Pds5 in regulating cohesin removal. For instance,
phosphorylation of Wapl (and perhaps Sororin) may release Wapl from its inhibition,
enabling its interaction with Pds5 via its FGF motifs. These conserved motifs at the N-
terminus of Wapl are known to be important for the interaction of Wapl with Pds5 and the
cohesin subunit SA1 (Shintomi and Hirano, 2009) and subsequently for conformational

changes of the cohesin complex to dissociate cohesin from prophase chromosomes.
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5.1. Introduction

Given the sister chromatid resolution defects observed in Pds5 and Wapl-depleted cells, we
reasoned that Pds5 and Wapl might be required to ensure the normal fidelity of sister
chromatid resolution during mitosis. The data obtained from metaphase chromosome spreads
suggest that when Pds5A, Pds5B or Wapl proteins were depleted, they may have caused a
cell cycle arrest at metaphase, because these cells were unable to segregate their
chromosomes properly during anaphase, or because those chromosomes failed to align
properly at the metaphase plate. Furthermore, by examining the fixed cells, we observed an
increase in the frequency of micronuclei formation in Pds5-depleted cells and increased
frequency of chromosomal bridge formation in Wapl-depleted cells, a hallmark of aneuploidy

(Heddle, 1973, Eastmond and Tucker, 1989).

Aneuploidy is often caused by a defect in chromosome segregation through the gain and/or
loss of chromosomes in a cell, thereby paving the way for malignant growth and cancer
(Griffin, 1996). Thus, equal and accurate chromosome segregation is important to maintain
genome stability. Cells have evolved elaborate control mechanisms that ensure the accurate
segregation of chromosomes during cell division. From yeast to humans, the sister chromatids
of replicated chromosomes are paired from their synthesis during S-phase until their
segregation during anaphase. This sister chromatid cohesion is essential for equal distribution
of the genetic material into two daughters (Nasmyth, 2001). Defects in SCC and separation
could potentially cause the formation of cells with abnormal ploidy, such as aneuploidy or
tetraploidy (Mayer et al., 2001, Hauf et al., 2001, Hayashi and Karlseder, 2013). Tetraploid
cells are generated when cells exit mitosis without undergoing cytokinesis. They are unstable
compared with their diploid counterparts and frequently become aneuploid upon continued

cell division (Hayashi and Karlseder, 2013).

In vertebrates, most cohesin is removed from chromosome arms by a mechanism that
depends neither on the separase pathway nor on cleavage of the human ortholog of Scc1
(Sumara et al., 2000). A small amount of Scc1 remains in the centromeric regions until it is
cleaved during metaphase by separase, following its activation by anaphase-promoting
complex (APC/C), which allows the transition to anaphase (Rivera and Losada, 2009).
Mutation of the separase cleavage sites abolished Scc1 cleavage by separase in vitro and
revealed an increased frequency of anaphase bridges, micronuclei and multiple nuclei in
Hela cells (Hauf et al., 2001). Identical results were observed after depletion of separase
(Chestukhin et al., 2003), suggesting that this is a direct effect of failing to cleave cohesin and

the presence of unseparated sister chromatids.
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In this study, | directly characterized the roles of the cohesin regulators Pds5 and Wapl during
mitosis and found that knocking down these proteins prevented cohesin removal from mitotic
chromosomes and increased the frequency of mitotic abnormalities. However, this does not
provide a full picture of this dynamic process. Furthermore, it is not clear whether cells
depleted of Pds5 or Wapl are sensitive to mitotic arrest by the spindle assembly checkpoint.
To address these points, | monitored the separation of mitotic chromosomes after the

depletion of Pds5 and Wapl using time-lapse confocal microscopy.
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5.2. Results

Prior to performing the time-lapse imaging experiments using Hela cells that stably express
mCherry-histone H2B and oa-tubulin-EGFP (provided by Prof. Andrew Fry’s Lab, University of
Leicester). | first sought to examine Hela cell cycle of control untreated cells in order to
optimize conditions such as temperature stability, CO,, humidity and other critical
parameters such as the loss of focus of the cells during mitosis (during mitosis there is
rounding of cells). However, after performing the live cell imaging experiment, | found that
cells were very likely to grow on top of each other after cell division which made it hard to

observe cellular details.

Next, | tried a new batch of Hela cells that stably express mCherry-histone H2B and -
tubulin-EGFP (again provided by Prof. Andrew Fry’s Lab, University of Leicester). | found
that the new cells grew in dispersed groups as single cells on the tissue culture plate after
24 hrs after seeding and displayed a distinct morphological shape. Therefore | examined
the control untreated cells to estimate the time for cells to complete mitosis. However,
some problems were still encountered when imaging the cells. This included cell confluence
and cell death when imaging, because frequent imaging every 5 min over a long time (18 —
24 hrs) resulted in cell damage via the laser and the cells failed to divide. Therefore I

increased the time intervals between images from 5 min to 8 min.

After 3 months of optimization, | was able to achieve the optimum condition for live-cell
imaging. First, siRNA and Western blotting was performed in this cell line to determine if the
level of Pds5A, Pds5B and Wapl could be depleted in the same manner as described for the
normal Hela cells. The level of Mad2, the regulator of the spindle assembly checkpoint
(SAC), was not affected by the siRNA treatment (Figure 5.1). After that, the time-lapse imaging
experiments were carried out to monitor the mitotic defects upon loss of either Pds5A, Pds5B
or Wapl, and to determine whether depletion of these proteins increased sensitive of the cells
to mitotic arrest by the spindle assembly checkpoint. This might also reveal at what stage of

the cell cycle the micronuclei and multiple nuclei were formed.

The time-lapse images of cells progressing through mitosis revealed that the average duration
of mitosis (from prophase until completion of cytokinesis) was increased after the loss of
Pds5A, Pds5B or Wapl proteins compared with control siRNA-treated cells. The control cells
had completed mitosis within 96 min + 35 min (mean + SD) (Figure 5.2C) or 94 min
(Figure 5.3B). In comparison, cells depleted of Pds5A, Pds5B or Wapl required 189 min + 77
min, 159 min £ 67 min and 132 min, respectively, (mean = SD), to complete mitosis.

However, a number of arrested cells became apoptotic (mean + SD = 64 % + 19 %, P < 0.01
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for Pds5A siRNA; 45 % + 26 %, P < 0.01 for Pds5B siRNA and 54 % for Wapl siRNA), as
indicated by chromatin condensation and nuclear fragmentation (Figure 5.2A, middle panel,
and Figure 5.3A, middle panel). This may have been a result of the activation of the spindle
assembly checkpoint as assessed by the localization of Mad2 at kinetochores in Pds5A-

depleted cells (Figure 5.4).

During the course of time-lapse observation of cells depleted of Pds5A and Pds5B, the most
common defect was the formation of micronuclei, which appeared after mitosis. However, no
micronuclei formation was oserved in control cells. This abnormality was more frequent
(mean + SD = 19 % = 10 %; P < 0.01) in cells depleted of Pds5B compared to Pds5A-
depleted cells (mean + SD = 8 % % 6.73 %; P < 0.01). Furthermore, a few cells (mean + SD =
7 % + 5.35 %) in which Pds5B was depleted initiated tetraploid mitosis without being able to
complete cytokinesis and generated abnormal nuclei or multinucleated cells (Figure 5.2A,
lower panel and D). The difference in frequency of mitotic defects between cells depleted of
Pds5A and Pds5B proteins may be explained by higher mitotic arrest in cells depleted of
Pds5A. On the other hand, the frequency of anaphase bridge and lagging chromosomes was
greater in Wapl-depleted cells (Figure 5.3A, lower panel). The anaphase bridge became
detectable during the metaphase-to-anaphase transition (t = 72 min) and may have remained
as a nuclear bud after cytokinesis. Although a majority of cells appeared to undergo normal

anaphase, it is possible that cells suffered mitotic defects which were difficult to observe.
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—_— e | PAS5A

o i | Pds5B
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Figure 5.1: siRNA-mediated down-regulation of Pds5A, Pds5B and Wapl.

Hela cells stably expressing mCherry-histone H2B and a-tubulin-EGFP were transfected with
siRNAs as indicated. After 48 hrs the total proteins were extracted and analysed by Western
blot using the antibodies indicated. This figure is representative of one experiment.

128



6C1

(@) Ul VAONY Aem-om] pue (D) ul YAONY AeBM-2u0 3uisn paie|ndjed a1am sanjeA d “§0°0 > dxx 100 > dx ‘Siuswiiadxa jusapuadapul
INOJ W01} UONIPUOD YDBd I0J S|[9D 7| ISed| 1B JO SJUNOD JO SUONBIASP PJEPUBIS PUB SIN|BA UBSW dY) Judsaidas sieq Jou] *(g) pue (V) ul uaas sjajep
391242 122 2y Jo uoneoynuend (Q pue D) ‘wrl Q| :leq 3edg (jpued 19MOT) S||90 pareas-(INU 0S) VNYIS 9GSpd Ul pue (jaued saddn) sjj20 pajean-(Nu QS)
VNUYIS VGSpd Ul aseydeue aA1109j9p Ja)e UONBULIO) SNRINUOIDIW (g) "SISSUIYOIAD INOYIIM SISOJIW WOl) XD SUuIMOYS §|[92 paleall-(NU 0S) VNYIS g5spd :[2ued
J9MOT {Yreap |92 0} uoissaidoid Suimoys s||2d palean-(AU 0S) VNYIS VSSPd :[oued a|ppi {S|[22 parean-(Nu 0S) YNYIS [04uo) :jaued saddn (y) “sisauiyolAd
jo uona|dwod |nun aseydoisd wouy paidep ale sadewr payda|ag ‘sisoyw ydnodyy uoissaidosd JidY) Jojuow O} ulw g AldAd padewl pue Suipiodas asde)
aw 0} palalgns a1am S||90 ‘siy g JaYy "PaledIpul SB SYNYIS YIM Paldajsuel) aiam d4DH3-uljngni-n pue gzH auolsiy-Auaydw 3uissaidxa A|geis s||92 e1aH

*s||92 pa1d|dap-gGspd pPue vsspd Jo Adoosoudiw [esoyuod asdej-awi] :g°G aindi4

wil g}

> > OO o)
K K O
& L & vNus 7
g le
. 2
= wri g}
2 = M >
Q (7]
S a1
3 >
<
X ! % m
SISaUD{0IA0 pajre [ B
1I3[2NUOIDIN . . w
1S0.e onoNN [l %
UOISSIAIP [[99 [ewloN [l
3 > D
L L2
& & & s 3%
wn
M 23
z
00T 5
%25
@ o
0023 S
¥ =3 “41
* ~ o
00€
\v

|[deAA pue Gspd jo uonajdap 1aye 9|24 |92 oy} Jo Suidewl [|92 9AIT :G 4aydeyd



oclt

‘Ss)uswIadxa Juapuadapul OM] WOy S|]9D 0/ 1SeI| 1€ JO SIUNOD JO (V) Ul UdS $109J9p 3|0Ad |92 3y} JO uonedynuend)
(@ pue D) ‘wr Q| :Jeq ajeds ‘uonewloy a3pliq aseydeue ay) uimoys s||92 pajean-yNyIs |dean jpued JamoT {y1eap |92 0] uoissaidoid ay) Suimoys |92 pajeal
-VNYIS |depn :[oued S|ppIw {UOISSIDIP |[92 [eWIOU SUIMOYS S|[92 paleall-yYNYIS [01uo) :jaued saddn *sisauyoifd jo uonajdwod |nun aseydoid woliy Suinels
pajuasaid ale sadew paddas () sisoyw ydnosyy uoissaiSoid 11dy) Jojuow 0) uiw g A1oAs padewr pue Suiplodas asde| awin 0) pa1dalgns alam s||9d ‘siy
Q¥ IV "(WU 0G) SYNYIS [dBAA 10 (WU 0G) SYNYIS |01IU0D YIM JBYIID Palddjsuel) dlam d4DHJ-uljngni-n pue gzH auoisiy-Auaydw 3uissaidxa A|gqeis s||9 e1oH

‘s||22 pajajdap-|depn Jo Adodsoidiw |ed0juod asdej-awi] :¢°G aindi4

[eUWON
Jous uonebalbas
awosowoiyn ==
1Salle oNONN
0
Qo
X
O s
0 - : . ¥
0z 8 W ooy | W \ \ \ % e
o & *YOT . z€ e 9T 8 Uwo YIS
09 3 o
08 ~ . =N
001< D \ \ o q %
Z
& ¥ 825 ze 4 o1 8 w0 >
Q O
" & wais ‘ O
T = L P AR R N -
— 0
0S m 0T ze 4 9T 8 =
OOH\M
0sT= g v

|[deAA pue Gspd jo uonajdap Jaye 324D |92 ay jo Suidewl |92 dAIT :G 4a1deyd)



Chapter 5: Live cell imaging of the cell cycle after depletion of Pds5 and Wapl
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Figure 5.4: Depletion of Pds5A activates the spindle assembly checkpoint.

Hela cells were transfected with either the control or Pds5A siRNAs (50 nM) for 48 hrs, fixed with -
20 °C methanol and analyzed by immunofluorescence microscopy using a Mad2 antibody (green),
an centromere antibody (red) and Hoechst 33342 (blue) to visualize the chromosomes. In control
siRNA-treated cells, Mad2 dissociated from metaphase and anaphase kinetochores, whereas in
Pds5A-depleted cells, Mad2 attached at centromeres at metaphase and anaphase. Merged images
are shown for all panels. Scale bar: 8 um. This is representative of two independent experiments.
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5.3. Discussion

The complete separation of sister chromatids at the metaphase-to-anaphase transition is a
mitotic event essential for faithful chromosome segregation during cell division. Sister
chromatid separation in anaphase depends on the removal of cohesin complexes from
chromosomes (Losada et al., 1998, Waizenegger et al., 2000, Haering and Nasmyth, 2003).
In humans, depletion of separase or expression of non-cleavable Scc1 blocks sister chromatid
separation and leads to abnormal mitosis (Hauf et al., 2001, Chestukhin et al., 2003). Given
that the mechanism of sister chromatid separation might differ in some respects between yeast
and vertebrate cells, the removal of cohesin from the chromosome arms in vertebrates is
initiated at prophase in a separase-independent pathway, which relies on cohesin-regulatory
proteins Pds5 and Wapl (Uhlmann et al., 1999, Shintomi and Hirano, 2009), whereas the
centromeric cohesin is cleaved in a separase-dependent pathway at the transition from
metaphase to anaphase (Uhlmann et al., 1999, Waizenegger et al., 2000). In this study, we
observed a virtually identical effect of depleting the cohesin regulators Pds5 and Wapl on
sister chromatid separation as that seen in cells lacking separase or expressing non-cleavable

Scc1 (Hauf et al., 2001, Chestukhin et al., 2003).

Consistent with our observation that depletion of Pds5A, Pds5B and Wapl by siRNA prevents
the dissociation of cohesin, the time-lapse images revealed that the depletion of those
proteins was also sufficient to produce prolonged mitotic arrest, which is associated with the
failure of chromosome separation and may eventually lead to apoptosis, as identified by
chromatin condensation and nuclear fragmentation. In particular, the mitotic arrest was
significantly (P < 0.001) greater in Pds5A and Pds5B-depleted cells (by 400 % and 250 %
respectively) and by 187 % in Wapl-depleted cells compared to control cells, suggesting that

the spindle assembly checkpoint was activated.

In mitosis, the SAC functions as a critical surveillance mechanism to detect misaligned sister
chromatids and to delay the onset of anaphase until the proper bi-orientation of all sister
chromatids (Musacchio and Salmon, 2007). In humans, Bub1 is required for precise
chromosome alignment (Klebig et al., 2009); knockdown of Bub1 by RNAi causes errors in
chromosome alignment and delays mitosis (Meraldi and Sorger, 2005). The misalignment
defects caused by depletion of Pds5 and Wapl proteins were difficult to observe during time-
lapse observation, however, examination by immunofluorescence microscopy, as reported in
chapter 4, revealed an increased frequency of chromosome misalignment in cells depleted of
Pds5 proteins (Figure 3.11 on page 76). Although | did not examine the interaction between

Pds5 and Bub1, others have shown that this interaction occurs in fission yeast (Wang et al.,
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2002) and there is no reason to believe that this would not be the case in humans. Therefore,
it is possible that cells lacking any cohesin regulators, specifically at the centromere, may
affect Bub1 localization or its function in kinetochore bi-orientation, which then triggers SAC
activation. However, these cells may escape the SAC by the fact that vertebrate cells do not
arrest the mitotic process permanently. Instead, they drive through mitosis by a proteasome-
dependent degradation of cyclin B (Brito and Rieder, 2006). If this is the case, it is possible
that during anaphase, the misaligned sister chromatids are left in the spindle midzone and

excluded from both daughter nuclei, generating micronuclei.

On the other hand, if correctly bi-orientated sister chromatids are allowed to progress through
anaphase, with persistent SCC on chromosomes, then the two sister chromatids would fail to
be equally distributed between the two daughter cells, one being deposited into one daughter
cell and none into the other. This might be explained by defects in sister chromatid separation
and an increase in the residence time of cohesin on chromatin during mitosis. If this is the
case, then karyotyping might be applicable to identify the number and shape of

chromosomes after depletion of Pds5 and Wapl.

The abnormal shape of interphase nuclei seen in fixed cells (Figure 3.10A, panel c on page
75) leads me to speculate that this abnormality might be caused by defective cytokinesis
which leads cells to enter interphase, often containing enlarged and irregularly shaped nuclei.
This is consistent with the abnormality caused by Pds5B depletion shown in Figure 5.2A,
lower panel, on page 129. In comparison, anaphase bridges were frequently observed in cells
depleted of Wapl; it is possible that these cells initiated anaphase with less defective sister
chromatid separation, eventually, chromosomal bridge becom constricted by an ingressing

cytoplasmic bridge (cleavage furrow).
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Sister chromatid resolution requires the bulk release of cohesin from chromosomes at the
onset of prophase (Losada et al., 2002, Sumara et al., 2002, Lenart et al., 2007). In Xenopus
egg extracts, this process is prompted by the direct interaction of Wapl with Pds5 to directly
modulate conformational changes of cohesin (Shintomi and Hirano, 2009), although Pds5
function seems to be required for SCC in budding yeast (Zhang et al., 2005) and SCC
maintenance in fungi (Panizza et al., 2000). In light of the controversial data reported in the
literature prior to commencing this study, the work presented in this thesis was conducted
with the aim of comprehensively characterising the role of the human cohesin regulatory
proteins, Pds5 and Wapl, in the regulation of sister chromatid cohesion and to shed light on
the mechanism that triggers sister chromatid separation in early mitosis. To achieve these
aims, three principal approaches were taken: (i) the depletion of Pds5 and Wapl proteins
using an siRNA approach, followed by phenotypic analysis; (ii) the generation of Flag-tagged
Wapl, Flag-tagged Pds5A (full length) and Flag-tagged Pds5A (N-terminus and C-terminus) to
overexpress Pds5A, Pds5B and Wapl; (iii) in vitro kinase assay to confirm the phosphorylation
of Wapl by Cdk1/cyclin B1 and Plk1. The data collected during this study suggest that the
functions of Pds5 and Wapl in regulating sister chromatid cohesion are identical to those seen

in Xenopus egg extracts (Shintomi and Hirano, 2009).

6.1. Cell cycle-dependent dynamic localization of Pds5 and Wapl

The data presented in chapter 3 show no changes in the levels of Pds5 proteins throughout
the Hela cell cycle; however, they highlight the first important difference between Pds5A and
Pds5B localization. Pds5A is localized to the interphase chromosomes, dissociates during
prophase and rebinds to chromatin in telophase, which is consistent with observations made
in human Caco cells (Sumara et al., 2000). However, Pds5B only partially dissociated from
chromosomes during prophase to metaphase and could still be detected clearly on
chromosomes, but not at anaphase. The higher binding affinity of Pds5B for chromatin could
be due to the presence of two AT-hook-type high mobility group (HMG) box motifs in the
Pds5B protein sequence, compared to only one in Pds5A (Zhang et al., 2009a). This was
confirmed by further analysis using Western blot of cytoplasmic and nuclear fractions
reported in chapter 4, which shows that higher levels of Pds5B than of Pds5A were detected

in interphase nuclear fractions.

Consistent with the fact that Wapl interacts preferentially with Pds5A (Kueng et al., 2006), the
low levels of Pds5B which remained associated with the chromosomes from prophase to
metaphase were probably not associated with Wapl, because Wapl, like Pds5A and cohesin,

is already dissociated from chromosomes during prophase and rebinds to chromatin in
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telophase. In chapter 4, however, there was an attempt to describe the mechanism by which
Pds5A and Pds5B are dissociated. Inhibition of Cdk1/cyclin B1 and Plk1 prevented removal
of Pds5A and Pds5B from mitotic chromosomes. A similar phenotype was seen after Wapl
depletion by siRNA, suggesting that Pds5A and Pds5B act as downstream effectors of Wapl
phosphorylation.

Taken together, the evidence indicates that Pds5B is bound to chromatin and cohesin during
telophase, however, its binding with cohesin is probably weak (Sumara et al., 2000). Pds5A
binding to chromatin might be weak also, but may be stronger with other proteins such as
Wapl through the interaction via its FGF motif. Pds5B bound to both cohesin is dissociated
during prophase following post-translational modification of Wapl by phosphorylation. At the
metaphase-to-anaphase transition, Pds5B-bound chromatin may be subject to an unknown
second wave of post-translational modification, causing a complete dissociation of Pds5B

from chromatin.

6.2. The roles of Pds5 and Wapl in the mammalian cell cycle

The data presented in this study demonstrate that chromosome separation requires Pds5A,
Pds5B and Wapl, and that their loss prevented cohesin removal from chromatin. As a
consequence of the loss of either Pds5A or Pds5B, cells are capable of delaying the cell cycle
progression through S-phase and eventually undergo apoptosis. It has been reported that the
DNA damage checkpoints enable cells to delay cell cycle progression in the presence of
DNA damage (Melo and Toczyski, 2002). Accordingly, Chk1 protein is thought to act as a
major effector in DNA damage checkpoint signalling, and it was found phosphorylated at
Ser317 after the loss Pds5A or Pds5B, suggesting that Pds5 proteins are required during S-
phase, perhaps for their ability to recruit cohesin establishment factor Ctf7/Escol (Tanaka et

al., 2001, Skibbens et al., 1999).

On the other hand, neither the activation of the DNA damage checkpoints nor the induction
of apoptosis was detected after the loss of Wapl, suggesting that Wapl may not be essential
for the DNA synthesis machinery. Instead, it has been proposed that Wapl and Esco1/2
display opposing activities and that the anti-establishment activity of Wapl-Pds5 is relaxed by
Ecol during S-phase to maintain SCC (Skibbens, 2009). However, after DNA synthesis and
SCC, Wapl may be required to counteract Escol/2, because the data from the co-IP
performed in this study show an increased level of Wapl associated with Pds5A after DNA
synthesis (3 hrs after release from aphidicolin block). This is also consistent with the fact that

Ecol acetyltransferase activity is generally restricted to S-phase and the suggestion that post-
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replication DNA damage may promote Ecol/ESCOT1 activity via DNA damage checkpoint
kinase Mec1/ATR (Strom et al., 2004, Unal et al., 2007). However, Wapl-Pds5 may gain full
anti-establishment activity in prophase by the phosphorylation of Wapl mediated by the
upstream effectors Cdk1/cyclin B1 and Plk1, inducing conformational changes of cohesin to

make it competent for dissociation from chromosome arms and allowing them to separate.

The data presented in this study also demonstrate that chromosome separation requires both
Pds5 and Wapl, whose loss results in cells containing chromosomes with unresolved arms.
The explanation for this observation is the high level of chromatin-bound cohesin, which
prevents chromosome separation. Live cell imaging, however, demonstrated that Pds5 and
Wapl-treated cells undergo a prolonged mitosis due to the activation of SAC. In many cases,
it was possible to observe mitotic arrest and eventual apoptosis, as identified by nuclear
fragmentation. One possible explanation for not being able to detect apoptotic markers in
Wapl-depleted cells is the low level of apoptosis caused by mitotic arrest compared to that
seen with Pds5A- and Pds5B-depleted cells as a consequence of both defects during

interphase and mitosis.

It has been shown that vertebrate cells do not arrest permanently at mitosis, but are driven
through mitosis by a proteasome-dependent degradation of cyclin B (Brito and Rieder, 2006).
In some cases, however, Pds5- and Wapl-depleted cells may segregate their chromosomes
after prolonged mitosis, although not correctly, eventually resulting in chromosomal
abnormalities as shown by live cell imaging, which are similar to those seen in cells lacking
separase or expressing non-cleavable Scc1 (Hauf et al., 2001, Chestukhin et al., 2003). This
suggests that Pds5 and Wapl proteins are required for faithful chromosome segregation.
Morphological examination of fixed cells showed a significant increase of chromosomal
abnormalities in Pds5- and Wapl-depleted cells, namely chromosomal misalignment,
micronuclei, multinucleated cells and chromosomal bridges, although the possibility of
witnessing such events using live cell imaging was slight, due to the low-resolution imaging.
Furthermore, some cells were not depicted during the emergence of chromosomal
abnormalities, because a limited number of cells can be analysed during a single time-
consuming experiment. Therefore, it is better to rely on fixed cell analyses, especially for

quantitating the frequency of chromosomal abnormalities.

6.3. Cell cycle-dependent phosphorylation of Wapl

What remains to be determined are the molecular mechanisms by which Pds5 and Wapl

modulate the conformational changes of the cohesin complex and contribute to chromosome
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segregation during prophase. Several attempts have been made to understand the molecular
mechanisms of the prophase pathway and it has been proposed that Sororin competes with
Wapl to bind Pds5 and inhibit Wapl to maintain SCC (Nishiyama et al., 2010). In this study, |
have considered potential mechanisms of action of Pds5 and Wapl, supported by the fact that
Wapl is phosphorylated during mitosis. Therefore, Wapl may regulate a biological process of
cell division when it reaches the optimum level during G2/M through selective recruitment of

Cdk1/cyclin B1 and PIk1.

The association of Wapl with Pds5 may be Wapl phosphorylation-dependent as judged by
the observation that inhibition of Plk1 and Cdk1 abolish the interaction between Pds5A and
Wapl (Figure 4.18 on page 118). Since the interaction between Pds5A and Wapl occurs
during interphase, there is a possibility that Wapl may be phosphorylated by S-phase cyclin-
dependent kinases when cyclin concentrations rise and the CKls are degraded (Mendenhall
and Hodge, 1998). However, sequential activation of Wapl may be required to induce
conformational changes of cohesin that eventually lead to its dissociation from chromatin.
Supporting this idea, Plk1 is activated by the accumulation of Aurora A kinase and its
activator bora in G2 before peaking at G2/M (Seki et al., 2008, Macurek et al., 2008). Plk1
activates the Cdk1/cyclin B1 by phosphorylating cyclin B1 and targeting it to the nucleus
(Toyoshima-Morimoto et al., 2001). As a key process for mitotic entry, Wapl is targeted by
Plk1 and Cdk1/cyclin B1 at G2/M, converting it to the hyperphosphorylated form and causing
it to become dissociated from its partner Pds5. This eventually induces conformational
changes of cohesin to make it competent for dissociation from chromosome arms during

prophase.

6.4. Pds5 activity rises above that of Wapl during G1 and G1/S

Since Wapl has been shown to be required to regulate a vital biological process, viz.
chromosome separation, other processes may also be governed by its ubiquitin/proteasome-
dependent degradation. The total protein levels of Wapl observed in this study decreased as
cells exited from mitosis. The timing of non-APC substrate degradation is thought to be
regulated in part by the phosphorylation of the substrate that allows it to interact selectively
with the F-box protein in the SCF complex (Skp1-Cullin1/F-box) (Skowyra et al., 1997, Ang
and Wade Harper, 2005). The APC/C and SCF complex, members of the Ring-H2-finger-
containing E3 Ub-ligase family, are two ubiquitin ligases (E3) that mediate the degradation of
numerous substrates (Deshaies, 1999, Peters, 2002). Under different cellular conditions,
APC/C engages with its substrates through the recognition of destruction box motifs by Cdc20
or by KEN boxes in the case of Cdh1.
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In mammalian cells, the APCCdc20 s activated in early mitosis by Cdk1/cyclin B1 and Plk1,
whereas APCCdh1 s kept inactive by phosphorylation (Blanco et al., 2000, Peters, 2002).
Activation of APCCdc20 promotes the proteolysis of Pds1/Securin, which directly enables
separase to destroy centromeric cohesin and allows the metaphase-to-anaphase transition
(Cohen-Fix and Koshland, 1997). Although cyclin activates cdk1 in prophase, it sows the
seeds of its own destruction by APCCdc20 (Clute and Pines, 1999). Cyclin B degradation by
APCCde20 [owers overall Cdk1 activity through APCCdc20 and raises that of APCCdh1 by
dephosphorylation. Activated APCCdh1 is able to mediate the destruction of Cdc20 and Plk1
during mitotic exit (Prinz et al., 1998, Peters, 2002, Lindon and Pines, 2004).

Furthermore, APCCdh1 recognizes the F-box protein Skp2 and mediates its proteolysis,
resulting in low SCF complex activity and the accumulation of CKls (Bashir et al., 2004, Wei
et al., 2004); therefore the feedback loop ultimately raises APCCdh1 activity over that of the
SCF complex and APCCdc20, During the activity of APCCdh! the KEN box motif on Wapl is
presumably responsible for targeting Wapl for APCCdhl.dependent degradation in a cell
cycle-dependent manner. The fall in Wapl protein level during telophase and its proteolysis
during the subsequent G1 period at least allows Pds5 to gain its function in regulation of sister
chromatid cohesion. This could be by the ability of Pds5 to recruit the establishment factor,

Ctf7/Esco1 (Tanaka et al., 2001).

The data presented in chapter 3 highlight the importance of Pds5 proteins for the integrity of
the DNA replication machinery, as their loss was found to induce apoptosis through the DNA
damage signalling pathway. However, Wapl seems not to be essential to the G1-phase or to
the establishment of cohesion, because of the low level of Wapl protein associated with the
Pds5-cohesin complex before DNA synthesis and the fact that Wapl depletion did not induce
the DNA damage checkpoint. On the other hand, the increase in Wapl level after DNA
synthesis requires the activation of Cdk1 and this in turn depends on the accumulation of S-
phase Cdk2/cyclin E, which is not destroyed by APCCdh1 Activated Cdk2/cyclin E is known
to phosphorylate and inactivate APCCdh! (Zachariae and Nasmyth, 1999). After DNA
synthesis, the increased recruitment of Wapl to Pds5 may antagonize Ctf7/Escol and finally

switch cells back to a state in which mitotic cyclin B kinases can re-accumulate.
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6.5. Concluding remarks

Cohesin is a key element in regulating sister chromatid cohesion. In vertebrates, the
interaction between cohesin and chromatin is destabilized in prophase by Pds5-Wapl
interaction. Most of the knowledge of Pds5 function derives from studies of yeasts and
humans, and its role in cell cycle regulation has largely been elucidated with some
controversial data reported in the literature. The overall work presented in this thesis has
fulfilled the main aim of the study, which was to characterize the function of Pds5 in
regulating SCC in Hela cells. The data presented here indicate that Pds5 proteins are
functionally important in mitotic cell division, apoptosis, DNA replication and repair
processes. | have shown that Pds5A and Pds5B dissociate from chromatin in a consecutive
manner during mitosis. The loss of either Pds5A or Pds5B slows the cell cycle progression

through the activation of DNA damage checkpoints and subsequently induces apoptosis.

While Pds5 has been identified as a binding partner of Wapl, characterization of the function
of Wapl in Hela cells has brought further insight into the mechanisms by which those two
proteins regulate sister chromatid separation. Work reported in this thesis has demonstrated
that Wapl is cell cycle regulated and has highlighted the importance of the roles of Wapl and
Pds5 in chromosome separation, as the loss of Wapl or Pds5 suppresses sister chromatid
separation by induction of the spindle assembly checkpoint. However, unlike Pds5, Wapl
seems not to be required for the integrity of DNA damage checkpoints. Furthermore, the
immunofluorescence microscopy data show that the loss of Pds5 or Wapl increases the
frequency of chromosomal abnormalities, while live cell imaging analysis has justified those
abnormalities as the eventual causes of defects in anaphase or cytokinesis, suggesting that

both Pds5 and Wapl are required for normal chromosome separation.

Interestingly, this work also provides the first evidence that Wapl undergoes post-translational
modification by phosphorylation at mitosis, while identification of Wapl phosphorylation sites
and upstream kinases has cast further light on the role of the cohesion anti-establishment
activity of Wapl-Pds5. This finding has added some weight to the proposed mechanism
regulating the prophase pathway in vertebrates. My final model highlighted that the anti-
establishment activity of Wapl-Pds5 is regulated by phosphorylation and the APC/C-
dependent proteolysis of Wapl (Figure 6.1). However, further work is required, particularly on
the validation of the Wapl phosphorylation sites through mutagenesis studies and on the
importance of Wapl phosphorylation in regulating sister chromatid separation, which could
be demonstrated by overexpressing the phosphorylation-defective and phosphomimetic

mutants of Wapl.

140



Chapter 6: Genral discussion and concluding Remarks

A APC/Cdh1l = Cdkl/cyclin B1

- = G1l-cyclin-Cdk — PIk1 APC/Cdc20

s

51

IS

= ﬁ \\

[

5 Q\ A\

o

Gl S G2 P M A T
Interphase Mitosis
Smc3 Escol/2 Sororin
T G1 S G2

C Prophase-dependent

removal of cohesin

Weel —— @ —  »cCde2s Tl

l &

Tyr]5

P APC/Cdh1-dependent
w Ser®p 8 anaphase and telophase

progression

Anapase-dependent
cleavage of cohesin

Figure 6.1: Model of the role of Pds5 and Wapl in regulation of the cohesin complex
during the mammalian cells cycle.

(A) Schematic diagram of the temporal pattern of activation of the Cdks, PIk1 and the APC/C.
(B) During telophase, cohesin is loaded onto chromatin with the aid of the loading factor
Scc2 and Scc4. In vertebrates, either Pds5A or Pds5B associates with SA1/2 and Scc1 (Losada
et al., 2005), however, this association is unstable (Sumara et al., 2000). Wapl interacts
directly with non-Smc subunits SA1 and Scc1 via an FGF motifs present in the N-terminus of
Wapl (Gandhi et al., 2006, Shintomi and Hirano, 2009). Association of Esco1/Ctf7 with Pds5
promotes Smc3 acetylation that resides in front of the DNA replication fork to allow for fork
progression (Tanaka et al., 2001, Zhang et al., 2008, Unal et al., 2008). Other models suggest
that Esco1/Ctf7 interacts with Replication Factor C (RFC) protein, Ctf18, to coordinate the
emergence of new sister chromatids (Skibbens et al., 1999, Skibbens, 2000, Lengronne et al.,
2006, Skibbens, 2011). Sororin is recruited to chromatin in a manner that depends on
cohesin and Smc3 acetylation to stabilize the bound cohesin (Nishiyama et al., 2010). |
propose that after S-phase Wapl binds Pds5 and this binding may be regulated by Wapl
phosphorylation by Cdks, which may convert the unphosphorylated Wapl to the
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hypophosphorylated form and enable its interaction with Pds5 which counteracts the
function of Esco1/Ctf7 during G2. This notion is supported by the evidence that Escol1/Ctf7
acetyltransferase activity is generally restricted to S-phase (Strom et al., 2004). (C) The
mechanism of cohesin removal during prophase by Wapl-Pds5 complex. Plk1 activity
accumulates during G2/M and converts the inactive state of Cdk1/cyclin B1 into the active
state by targeting the Cdk1-inhibitory kinase, Weel (Watanabe et al., 2004). Plk1 also
phosphorylates Cdc25 on Ser98 (Toyoshima-Morimoto et al., 2002) and cyclin B1 on Ser!33
(Jackman et al., 2003). The activity of the phosphorylated Cdc25 and the cyclin B1
overcomes the effect of the Cdkl1-inhibitory kinase, Weel, which results in the
dephosphorylation and activation of Cdk1/cyclin B1. Wapl-Pds5 gains full anti-establishment
activity by the hyperphosphorylation of Wapl mediated by Cdk1/cyclin B1 and Plk1. This is
also combined with the phosphorylation of Sororin by Cdk1/cyclin B1 and Plk1. The
phosphorylation of Sororin by Cdk1/cyclin B1 can create docking sites to bring Plk1 into
proximity with SA2, resulting in the phosphorylation of SA2 (Zhang et al., 2011, Zhang and
Pati, 2012). Phosphorylation of Wapl, Sororin and SA2 is now sufficient to induce
conformational changes of cohesin to make it competent for dissociation from chromosome
arms and allowing them to separate. During metaphase/anaphase transition the centromeric
cohesin is removed by separase, following its activation by APCCdc20 which allows the
transition to anaphase (Peters et al., 2008). Cyclin B1 degradation by APCCdc20 [owers overall
Cdk1 activity and activates APCCdh! by dephosphorylation in late mitosis until the next S-
phase. Activated APCCdh1 js able to mediate the destruction of Cdc20 and Plk1 during mitotic
exit (Prinz et al., 1998, Peters, 2002, Lindon and Pines, 2004). APCCdh1 s also responsible for
destruction of Sororin (Rankin et al., 2005) and possibly Wapl (this study). The KEN box
present in Sororin (Rankin et al., 2005) (and Wapl) targets Sororin (and Wapl) for APCCdh1.
dependent degradation after mitosis.
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Figure A.1: Circular map of pLEICS-13 (pCMV).

Human Pds5A (full length) was cloned into pLEICS-13 (pCMV) mammalian expression vector
by Dr. Xiaowen Yang (Protein Expression Laboratory (Protex), Biochemistry department,
University of Leicester), using In-Fusion cloning and was digested with EcoR | and EcoR V.
The peptide sequence of the Flag-tag located at the N-terminus of the Pds5A.
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Forward primer  5'-GTATTTTCAGGGCGCCATCAAACGCCTGAAGATGGAT-3'
5

S~

LEICS.13 - ATC....GAT... LTICT...TCC
-13 sequence.. Flag-ta LEICS-13 sequence
p q g gTAG....CTA... Pds5A sequence AGA. AGG p q

3 4\

5
Reverse primer  3-AGACAAATTGACTTACAAAGGTGAAATTCGAGCTCCGTC-5'

Figure A.2: An example of generation of Flag-tagged Pds5A (full length).

Pds5A cDNA sequence (full length) forward and reverse primers were designed with
overhang appropriate 5’ vector homology region, using NCBI primer designing tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Pds5A cDNA sequence was amplified and
cleaned as described in material and methods. The cloning was performed by Dr. Xiaowen
Yang using the In-Fusion technique (Protein Expression Laboratory (Protex), Department of
Biochemistry, University of Leicester). Blue and pink colours indicate the Pds5A homology
region, whereas red and green mark the vector homology region.
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Figure A.3: Circular map of pLEICS-12 (pCMV).

Truncated human Pds5A (C-terminal fragment) was cloned into pLEICS-12 (pCMV)
mammalian expression vector by Dr. Xiaowen Yang (Protein Expression Laboratory (Protex),
Biochemistry department, University of Leicester), using In-Fusion cloning and was digested
with EcoR V and EcoR I. The peptide sequence of the Flag-tag located at the N-terminus of

the Pds5A fragment.
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Figure A.4: Circular map of pLEICS-13 (pCMV).

Human Wapl (full length) was cloned into pLEICS-12 (pCMV) mammalian expression vector
by Dr. Xiaowen Yang (Protein Expression Laboratory (Protex), Biochemistry department,
University of Leicester), using In-Fusion cloning and was digested with EcoR V and EcoR I.
The peptide sequence of the Flag-tag located at the N-terminus of the Wapl.
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Figure A.5: Succesful amplification of full length Pds5A and Wapl.

Separation of PCR amplicons of full length Pds5A and Wapl fragments by 1 % agarose gel
electrophoresis after purification of DNA fragments as described in material and methods.
Lanes 1: DNA ladder (1 kb); Lanes 2: Pds5A (3.8 kb); Lanes 3: Wapl (3.6 kb).
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1 MDFTAQPKPATALCGVVSADGKIAYPPGVKEITDKITTDEMIKRLEKMVVE 50

51 TFMDMDQDSEDEKQOYLPLALHLASEFFLRNPNKDVRLLVACCLADIFRI 100
101 YAPEAPYTSHDKLKDIFLFITRQLKGLEDTKSPQFNRYFYLLENLAWVEKS 150
151 YNICFELEDCNEIFIQLFRTLFSVINNSHNKKVQOMHMLDLMSSIIMEGDG 200
201 VTQELLDSILINLIPAHKNLNKQSFDLAKVLLKRTVQTIEACTANFFNQV 250
251 LVLGRSSVEDLSEHVFDLIQELFAIDPHLLLSVMPQLEFKLKSNDGEERL 300
301 AVVRLLAKLFGSKDSDLATONRPLWQCFLGRFNDIHVPVRLESVKFASHC 350
351 LMNHPDLAKDLTEYLKVRSHDPEEATIRHDVIVTITITAAKRDLALVNDQLL 400
401 GFVRERTLDKRWRVRKEAMMGLAQLYKKYCLHGEAGKEAAEKVSWIKDKL 450
451 LHIYYONSIDDKLLVEKIFAQYLVPHNLETEERMKCLYYLYASLDPNAVK 500
501 ALNEMWKCQONMLRSHVRELLDLHKQPTSEANCSAMFGKLMTIAKNLPDPG 550
551 KAQDFVKKFNQVLGDDEKLRSQLELLISPTCSCKQADICVRETIARKLANP 600
601 KQPTNPFLEMVKFLLERIAPVHIDSEAISALVKLMNKSIEGTADDEEEGV 650
651 SPDTAIRSGLELLKVLSFTHPTSFHSAETYESLLOQCLRMEDDKVAEAATQ 700
701 IFRNTGHKIETDLPOQIRSTLIPILHOQKAKRGTPHQAKQAVHCTHATIFTNK 750
751 EVQLAQIFEPLSRSLNADVPEQLITPLVSLGHISMLAPDQFASPMKSVVA 800
801 NFIVKDLLMNDRSTGEKNGKLWSPDEEVSPEVLAKVOAIKLLVRWLLGMK 850
851 NNQSKSANSTLRLLSAMLVSEGDLTEQKRISKSDMSRLRLAAGSAIMKLA 900
901 QEPCYHEIITPEQFQLCALVINDECYQVRQIFAQKLHKALVKLLLPLEYM 950
951 AIFALCAKDPVKERRAHARQCLLKNISIRREYIKONPMATEKLLSLLPEY 1000
1001 VVPYMIHLLAHDPDETRSQDVDQLRDIKECLWFMLEVLMTKNENNSHAFM 1050
1051 KKMAENIKLTRDAQSPDESKTNEKLYTVCDVALCVINSKSALCNADSPKD 1100
1101 PVLPMKFFTQPEKDEFCNDKSYISEETRVLLLTGKPKPAGVLGAVNKPLSA 1150
1151 TGRKPYVRSTGTETGSNINVNSELNPSTGNRSREQSSEAAETGVSENEEN 1200
1201 PVRIISVITPVEKNIDPVENKEINSDQATQGNISSDRGKKRTVTAAGAENTIQ 1250
1251 OQOKTDEKVDESGPPAPSKPRRGRRPKSESQGNATKNDDLNKPINKGRKRAA 1300
1301 VGQESPGGLEAGNAKAPKLODLAKKAAPAERQIDLOR 1337

Figure A.6: Nuclear localization signals (NLSs) prediction in human Pds5A.

The protein sequence alignment of human Pds5A (Accession No in GenBank database is
AAI14219.1) contains one nuclear localization signal (underlined) at the C-terminus
predicted by NucPred-Predicting Nuclear Localization of Proteins
(http://www.sbc.su.se/~maccallr/nucpred)).
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Figure A.7: Nuclear localization signals (NLSs) prediction in human Pds5B.

The protein sequence alignment of human Pds5B (NCBI Reference Sequence: NP_055847.1)

contains three nuclear localization signals (underlined) at the C-terminus predicted by

NucPred-Predicting Nuclear Localization of

(http://www.sbc.su.se/~maccallr/nucpred)).
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Figure A.8: Single oligonucleotide-mediated Pds5A, Pds5B or Wapl down-regulation.

HelLa cells were transfected for 48 hrs with 50 nM control or individual siRNA
(oligonucleotide # 1-4) specific to Pds5A, Pds5B or Wapl (see 2.1.2.1 on page 39). (A-C)
Western blots showing the levels of Pds5A, Pds5B or Wapl after depletion; Y-tubulin antibody
was used for loading controls in Western blot. (D-F) Metaphase chromosome spreads were
prepared from cells treated with 10 uM Taxol or 10 pM Taxol and 0.1 pM okadaic acid, in
which Pds5A or Pds5B or Wapl proteins were depleted by oligonucleotide # 3 or 1 or 2
respectively. (G and H) Quantification of the chromosome spreads obtained in (D-F) and
classified according to their morphology. One experiment was performed and 100 nuclei
examined for each treatment.

165



Appendix: Supplemental data

Hoechst o —Tubulin  Merged

Wapl siRNA

Figure A.9: Formation of chromosomal bridge in cells depleted of Wapl.

Hela cells were transfected with Wapl siRNA 48 hrs, fixed with -20 °C methanol before being
co-stained with anti-a-tubulin (green) to visualize the microtubules and Hoechst 33342

(blue) to visualize the chromosomes, and observed by immunofluorescence microscopy.
Scale bar: 10 pm.
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Figure A.10: Example of an /n vivo Cdk1/cyclin B1 phosphorylation site.

Mass spectrum of peptide K.RPESPSEISPIK.G containing phosphorylated Ser?26 is shown. The
fragment ions along the amino acid backbone recognized by LTQ-Orbitrap-Velos-ETD mass
spectrometer are indicated as b-ions (red) having the charge retained on the N-terminal
fragment or y-ions (blue) having the charge retained on the C-terminal. Ser?26
phosphorylation was recognized by 80 Da mass shifts in m/z and indicated with an asterisk.
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Figure A.11: Investigation of Pds5 interacting proteins.

Soluble (Sol.) and insoluble (Insol.) protein fractions (prepared as described in material and
methods) from asynchronous and nocodazole-arrested Hela cells were subjected to Pds5A or
Pds5B immunoprecipitation using specific anti-Pds5A polyclonal (A) or anti-Pds5B polyclonal
(B) respectively. The immunoprecipitates (lanes 2-7) along with input (4 %; lane 1) were
analysed by SDS-PAGE and Western blotting using Pds5A, Pds5B, Scc1 and Mad2 antibodies.

Lysis buffer plus beads and antibody (Ab) was used as negative controls for IP. Data shown
from one experiment.
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