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Abstract 

Sister chromatid cohesion (SCC) is mediated by the cohesin complex whose core 

components are Smc1, Smc3, Scc1, and Scc3 (SA1 and SA2 in vertebrates) and is 

regulated by associated factors that include Pds5 (Pds5A and Pds5B in vertebrates) and 

the acetyltransferases Esco1 and Esco2. The correct establishment and maintenance of 

sister chromatid cohesion is important in safeguarding genome integrity. Previous 

studies have shown that Pds5 is important in the establishment and maintenance of 

SCC (in yeast and fungi) as well as sister chromatid resolution (in humans and Xenopus). 

In humans, both Esco1 and Esco2 acetylate Smc3 during DNA replication to establish 

SCC. 

Cohesin participates in DNA replication by modulating higher-order organisation of 

replication factories. Although disputed in Xenopus egg extracts, cohesin acetylation is 

reported to speed replication forks in human somatic cells. However, the mechanistic 

consequences of cohesin acetylation are still poorly understood and while Pds5’s role 

in SCC maintenance and resolution has been explored, no study to date has reported its 

role in DNA replication. Pilot studies (unpublished) in our lab have implicated Pds5 in 

DNA replication. In light of the foregoing, the aim of this project was to analyse the role 

of Pds5, Esco1, and Esco2 in DNA replication. 

Here, using an siRNA approach and DNA combing techniques in mammalian cells, I show 

that Pds5, Esco1, and Esco2 are functionally important in DNA replication. Depletion of 

either Esco1 or Esco2 results in precocious separation of sister chromatids, delay in DNA 

replication, apoptosis, or senescence. Depletion of Pds5 proteins is characterised by 

DNA damage which eventually activates the intra-S-phase DNA damage checkpoint that 

delays replication fork progression. Depletion of the anti-establishment complex, Pds5A 

and Wapl, rescues the defect in DNA replication observed when Pds5A is depleted 

alone. These results provide a novel insight into the role of Esco1, Esco2, and Pds5 in 

the regulation of DNA replication and suppression of aneuploidy in mammalian cells.     
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Chapter 1 - Introduction 

1.1 Sister Chromatid Cohesion 

During the mitotic cell cycle, cells execute two important events: precise duplication of 

each chromosome and partitioning of the duplicated chromosomes between two 

identical daughter cells (Yu & Tang, 2005). Maintenance of genome integrity is 

dependent upon the accuracy of these processes (Shen, 2011). The original and the 

duplicated copy of each chromosome (sister chromatids) are associated with each other 

physically through the sister chromatid cohesion (SCC) complex (Chatterjee et al., 2013). 

The cohesion of sister chromatids is important for the prevention of precocious 

separation of sister chromatids and the regulation of gene expression and development 

(Dorsett, 2007). 

In normal cells, the establishment and dissolution of SCC is a tightly regulated process 

and aberrant regulation can lead to missegregation and aneuploidy (a hallmark of 

cancer cells) (Shen, 2011; Pfau & Amon, 2012), as well as development of congenital 

birth defects such as Robert’s Syndrome (RBS), Cornelia de Lange Syndrome (CdLS), and 

Down’s syndrome (Shen, 2011; Pfau & Amon, 2012). An in-depth understanding of the 

molecular mechanisms that regulate the dissolution of SCC should therefore provide an 

important insight into how cell division is regulated and how aberrant regulation may 

lead to the development of cancer. This can be achieved by studying the functional 

properties of regulatory proteins that have been implicated in SCC regulation. 

A number of proteins have so far been identified as key regulators of SCC and its 

dissolution (Losada & Hirano, 2005; Nasmyth & Haering, 2005; Nasmyth, 2005; Hirano, 

2005). Previous studies (unpublished) in our lab have shown that some of these proteins 

may be functionally important in SCC resolution, DNA replication, and DNA damage 

repair processes. This project is aimed at investigating the role of cohesin regulatory 

proteins, Pds5, Esco1, and Esco2, in S-phase and mitosis in mammalian cells. This 

introduction explains the basic principles of the cell cycle, the cohesin complex, and our 

current understanding of the roles and mechanisms of the regulatory proteins 

associated with the cohesin complex.  
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1.2 The Mammalian Cell Cycle 

The cell cycle is a sequence of events by which a growing cell duplicates its DNA and all 

other cellular components and divides into two daughter cells, each with the same 

amount of DNA. These sequences of events are divided into four phases (Figure 1.1). 

The cell generates a single and faithful copy of its genetic material during the synthetic 

or S-phase and accurately separates the replicated DNA between the two daughter cells 

at mitosis or M-phase (Yu, 2002). The other two phases of the cycle, G1 and G2, 

represent ‘gap’ phases, during which cells continue to grow in readiness for successful 

completion of S and M phases, respectively. When cells cease to proliferate, either due 

to the presence of specific anti-mitogenic signals or the absence of proper mitogenic 

signalling, they exit the cycle and enter a non-dividing, quiescent state known as G0 (Yu 

and Tang, 2005). Furthermore, in the face of aberrant regulation, cells undergo 

senescence or apoptosis to ensure that defective DNA is not propagated and passed on 

to new daughter cells. 

Re-entry into the cell cycle from quiescence, through the G1-phase, is mediated by a 

highly conserved family of proteins called cyclin-dependent kinases (cdks), whose 

activation requires binding to specific regulatory subunits called cyclins (Malumbres & 

Barbacid, 2009). Biochemical events that prompt quiescent cells to enter the cell cycle 

involve phosphorylation of target proteins e.g. retinoblastoma protein (RB) and 

degradation of cdk inhibitors (CDKIs) (Malumbres & Barbacid, 2009). Extra-cellular 

stimuli such as growth factors and hormones elevate D-type cyclins which bind to and 

activate cdk4 and cdk6. The cyclin D/cdk4/6 complex is the central cell cycle regulator 

and once formed, is sufficient to convert unphosphorylated RB/E2F-1/DP complex to 

the hypophosphorylated form (Malumbres & Barbacid, 2009). 

Upon activating cyclin D/cdk4/6, growth factors also activate other genes that include 

cyclin E. Once activated, cyclin E binds to cdk2 and causes the hyperphosphorylation of 

RB, which then dissociates from E2F-1 (Malumbres & Barbacid, 2009). The dissociation 

of hyperphosphorylated RB from the E2F-1/DP complex enables activation of the E2F-1 

responsive gene, which drives the cell cycle through the G1/S transition and induces 

DNA synthesis (Hinds et al., 1992; Lundberg & Weinberg, 1998).  
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After replication, DNA is packed into condensed chromatin fibres and the basic packing 

unit is a nucleosomal repeat which consists of 147 DNA base pairs wrapped around an 

octamer of histones (Olins & Olins, 1974; Olins & Olins, 2003). With the aid of proteins 

such as the chromatin assembly factors (CAFs) which are associated with the replication 

fork machinery, nucleosomes mediate assembly of newly replicated DNA. During S-

phase in eukaryotes, five basic types of histones are synthesised; these are histones H1, 

H2A, H2B, H3, and H4 (Olins & Olins, 1974; Olins & Olins, 2003). Histone H1 is the linker, 

while the H2A, H2B, H3, and H4 are the core histones. Two copies of each of the core 

histones come together to form a central octamer which binds and wraps 

approximately 146 base pairs of DNA. The linker histones then bind to DNA on the 

outside of the nucleosomes and interact with each other, causing close packaging of 

chromatin into higher order structures (Olins & Olins, 1974; Olins & Olins, 2003). There 

are two distinct types of eukaryotic chromatin: euchromatin and heterochromatin. Of 

these two types, euchromatin is the more accessible and easily transcribed type 

because it is less condensed and contains more genes and unique sequences (Olins & 

Olins, 2003). Heterochromatin, on the other hand, is highly condensed and contains 

highly repetitive satellite sequences. It forms structural components of centromeres 

and telomeres (Olins & Olins, 1974; Olins & Olins, 2003). 

After S-phase, cells enter the G2-phase where they continue to grow and prepare for 

cell division in M-phase. Cyclin A is induced shortly after cyclin E and binds to cdk2 in S-

phase and to cdk1 in G2 and mitosis (Hinds et al., 1992). Mitosis is a highly regulated 

process and occurs in six distinguishable stages: prophase, prometaphase, metaphase, 

anaphase, telophase, and cytokinesis (Figure 1.1) (Malumbres & Barbacid, 2009). During 

prophase, centrosomes (microtubule-organising structures) separate, forming the 

mitotic spindle. In prometaphase, kinetochores attach to the chromosomes and 

microtubules attach to the kinetochores. Chromosomes are aligned and organised 

between the spindle microtubules at metaphase, and separated at anaphase by moving 

to the opposite sides of the cell through the shortening and depolymerisation of the 

mitotic spindle. This is followed by cytokinesis, when the cell divides into two daughter 

cells, each having equal amount of DNA and the necessary biochemical machinery to 

repeat the process of cell division (Malumbres & Barbacid, 2009).  
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Figure 1.1 The regulation of the eukaryotic cell cycle 

The cell cycle consists of interphase and mitosis (M). Interphase is divided into three distinct 
phases: Gap 1 (G1), Synthesis (S) and Gap 2 (G2). Interphase is monitored by three DNA damage 
checkpoints during the cell cycle, while mitosis is monitored by one spindle assembly checkpoint 
(yellow arrows). Non-proliferative cells exit the cell cycle and enter G0, where they remain 
quiescent until growth factors are available to prompt them back into cell cycle. Growth factors 
also activate Cdk4/6 and Cdk2, which hyperphosphorylate and dissociate Rb from E2F-1. E2F-1 
then allows the G1-to-S-phase transition. Cells enter the G2-phase after DNA synthesis, where 
they continue to grow and prepare for cell division in mitosis.  During mitosis, 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, 
2008; Malumbres & Barbacid, 2009). 
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1.2.1 Cell Cycle Checkpoints 

During the eukaryotic cell cycle, a set of feedback control mechanisms monitor the 

successful completion of events in one phase of the cell cycle before allowing the cell 

to proceed to the next phase. For example, the Start/Restriction point in late G1 

monitors cell size and nutrients before allowing cells to enter S-phase (Bertoli et al., 

2013). These regulatory pathways, commonly referred to as cell cycle checkpoints, 

ensure that genetic information is copied faithfully and transmitted from the mother 

cell to the daughter cells. This regulation involves monitoring and detecting damaged 

DNA through the DNA damage checkpoint at G1 and G2; detecting improper alignment 

of chromosomes at the metaphase plate and failure of the spindle microtubule 

attachment to kinetochores through the spindle assembly checkpoint (SAC). When an 

anomaly is detected, progression through the cell cycle is halted in order to prevent 

replication of damaged DNA or propagation of the damaged chromosomes. Progression 

through the cell cycle only resumes after the errors have been corrected. 

1.2.1.1 The DNA Damage Checkpoint 

When damaged DNA is detected in the G1-phase, sensor genes RAD17, RAD9, Rad1, 

and HUS1 (in yeast) form a heterotrimeric checkpoint sliding clamp (CSC) which has 

structural similarities with the DNA polymerase clamp, the Proliferating Cell Nuclear 

Antigen (PCNA) (Figure 1.2) (Shiomi et al., 2002). Rad17 then forms a complex with four 

replication factor C (Rfc) subunits, Rfc2, Rfc3, Rfc4, and Rfc5, which act as a clamp loader 

that is related to PCNA (Kondo et al., 1999; Griffith et al., 2002). 

Recruitment of these complexes to the damage site triggers the DNA damage response 

by activating the signal transducer kinases ATM and ATR. Activated ATM/ATR in turn 

phosphorylate and activate kinases such as Chk1 and Chk2 (Liu et al., 2000; Matsuoka 

et al., 2000).  Once activated, Chk1 phosphorylates the C-terminal portion of cdc25A, 

resulting in inhibition of its phosphatase activity towards cdk2 and cdk4 (Chen et al., 

2003). This stops the progression of the cell cycle until the damaged DNA is repaired. 

Chk2 phosphorylates cdc25A, BRCA1, and p53 at different sites compared to Chk1 

(Bartek & Lukas, 2003).
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Activation of p53 induces expression of p21, the cdk inhibitor, which then inhibits cyclin 

E-cdk2 activity, resulting in the blockage of the G1/S-phase transition (Bartek & Lukas, 

2003). 

Chk1 and Chk2 are also the major effectors of the G2/M DNA damage checkpoint 

response (Furnari et al., 1997; Matsuoka et al., 2000; Sanchez et al., 1997). Entry into 

mitosis is triggered through the rapid activation of the cdk1/cyclin B complex. The 

cdk1/cyclin B complex is under the control of Wee1 and Myt1, which phosphorylate 

cdk1 on two residues, Thr14 and Tyr15 (Lindqvist et al., 2009), to prevent its activation. 

The inhibitory phosphorylation of cdk1 is rapidly removed by cdc25 family phosphatases 

(cdc25A, cdc25B, and cdc25C) to trigger cdk1/cyclin B activation and mitotic entry 

(Lindqvist et al., 2009). In response to DNA damage, the target of the G2 arrest is 

cdk1/cyclin B. Chk1 phosphorylates and inhibits cdc25 family phosphatases via a 

combination of protein degradation (Mailand et al., 2000; Chen et al., 2003) and 

association with 14-3-3 proteins (Peng et al., 1997) while simultaneously 

phosphorylating and stimulating the activity of Wee1 (Lee et al., 2001). This allows the 

accumulation of inhibitory cdK1 phosphorylation while DNA damage persists, thus 

effectively blocking entry to mitosis (Smits et al., 2015).  
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Figure 1.2 The DNA damage checkpoint signalling 

In the presence of damaged DNA, sensor genes Rad9, Hus1, and Rad1 form a ring structure (the 
9-1-1 complex) that can encircle DNA, similar to PCNA. The 9-1-1 complex is loaded onto 
damaged DNA by a protein complex that consists of four Replication Factor C (RFC) subunits 
(RFC2-5) and Rad17, (the Rad17-RFC2-5 complex). The Rad50/Mre11/NBS1 complex, ATM and 
ATR, Rad17-RFC2-5, and the 9-1-1 complex localise to sites of DNA damage independently but 
interact to trigger the checkpoint signalling cascade. Increased amounts of 9-1-1 on the 
damaged site triggers the DNA damage checkpoint response by activating the signal transducer 
kinase ATM/ATR, which in turn activates several kinases by phosphorylation, including Chk1 and 
Chk2. ATM and ATR also phosphorylate mediator proteins that include MDC1, 53BP, BRCA1, 
and TopBP1. Rad50/Mre11/NBS1 complex functions as a DSB sensor for ATM. Activated Chk1 
phosphorylated the C-terminal portion of Cdc25 and inhibits its phosphatase activities towards 
Cdk2 and Cdk4, thus stopping the progression of the cell cycle until the damage is repaired. 
Activated Chk2 phosphorylates Cdc25 and p53. Once activated, p53 induces the expression of 
the Cdk inhibitor, p21, which inhibits cyclin E-Cdk2 activity, thereby inhibiting G1/S transition 
(Liu et al., 2000; Matsuoka et al., 2000; Houtgraaf et al., 2006). 
  



Chapter 1: Introduction 

8 
 

1.2.1.2 The Spindle Assembly Checkpoint 

The SAC is a signalling cascade that ensures that cells do not enter anaphase until 

chromosomes have lined-up at the metaphase plate and bipolar spindle attachment is 

accomplished (Yu, 2002). The main components of the SAC pathway include the mitotic-

arrest deficient proteins (Mad1, Mad2, and Mad3/BubR1 in humans), the budding 

uninhibited by benzimidazole proteins (Bub1 and Bub3), and Mps1 (Figure 1.3) (Hoyt et 

al., 1991; Earnshaw & Mackay, 1994; Uhlmann et al., 1999; Cheeseman & Desai, 2008; 

Logarinho & Bousbaa, 2008; Kops, 2009). The principal target of the SAC is Cdc20, an 

activator of the Anaphase Promoting Complex/Cyclosome (APC/C) ubiquitin ligase that 

targets proteins for degradation by the 26S proteosome (Morgan, 1999; Reddy et al., 

2007; Stegmeier et al., 2007).  

The SAC gets constitutively activated as soon as cells enter mitosis (Barbosa et al., 2011). 

In the presence of non-attached or mis-attached kinetochores to microtubules, failure 

by chromosomes to align at the metaphase plate, or if spindle microtubules attached 

to kinetochores fail to generate appropriate bipolar tension, the cell cycle is blocked at 

the metaphase-to-anaphase transition (Figure 1.3) (Musacchio & Salmon, 2007). This 

allows time for correction of errors (Musacchio & Salmon, 2007). Mad2, Bub3, and 

Mad3/BubR1 are recruited to unattached kinetochores and form the mitotic checkpoint 

complex (MCC) (Sudakin et al., 2001). The MCC sequesters Cdc20. By sequestering 

Cdc20, the MCC inactivates APC/C, thereby enabling cyclin B to bind to Cdk1 and Securin 

to bind to Separase and prevent it from cleaving cohesin. Inactivation of the APC/C also 

ensures that Cyclin B is not targeted for degradation by the APC/C. Prevention of 

Separase activation and Cyclin B degradation ensures that cohesins are intact and the 

cell cycle is arrested. After bipolar spindle attachment to kinetochores is achieved, the 

SAC is silenced to allow the cell to progress to anaphase (Li et al., 1997). This involves 

disassembly of the MCC, which releases Cdc20. Free Cdc20 then binds and activates 

APC/C, which in turn ubiquitinates Securin and Cyclin B. Degradation of Securin 

activates Separase, which then cleaves the Scc1 subunit of cohesin, allowing sister 

chromatids to separate. Proteolysis of Cyclin B by the APC/C is required for the 

inactivation of cyclin-dependent kinase 1 (Cdk1), the master mitotic kinase whose 

down-regulation is required for exit from mitosis (Bharadwaj & Yu, 2004; Peters, 2006).  
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Figure 1.3 Spindle assembly checkpoint signalling 

(A) In the presence of non-attached kinetochore to microtubules, Mad2, Bub3, and 
Mad3/BubR1 are recruited to unattached kinetochores and sequester Cdc20. This inactivates 
APC/C which depends on Cdc20 for its ubiquitin ligase activities, thereby enabling Securin to 
bind to Separase and prevent it from cleaving cohesins. (B) After bipolar spindle attachment to 
kinetochores is achieved, Mad2, Bub3, and Mad3/BubR1 disassemble, releasing Cdc20, which 
then binds and activates APC/C. Activated APC/C ubiquitinates Securin. Degradation of Securin 
activates Separase, which then cleaves the Scc1 subunit of cohesin, allowing sister chromatids 
to separate (Bharadwaj & Yu, 2004). 
  

A B
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1.3 The Cohesin Complex 

Within the cell cycle there is the chromosome cycle which is mediated by the cohesin 

complex. Originally discovered in genetic screens in yeast as a multi-subunit protein 

complex that regulates sister chromatid cohesion, the cohesin complex comprises two 

flexible structural maintenance of chromosomes (Smc) family of ATPases, Smc1/Psm1 

(in humans) and Smc3/Psm3 (in humans), and two accessory subunits, the sister 

chromatid cohesion protein-1 (Scc1/Mcd1/Rad21) and stromal antigens Scc3/Psc3/SA 

(Figure 1.4) (Haering et al., 2002; Gruber et al., 2003). In vertebrates, Scc3 has three 

isoforms: SA1, SA2, and SA3 (reserved for meiotic cohesion) (Losada et al., 2000; Sumara 

et al., 2000). Cohesin is highly conserved in all eukaryotes (Table 1.1) (Guacci et al., 

1997; Michaelis et al., 1997; Losada et al., 1998; Sumara et al., 2000; Losada et al., 2000; 

(White & Erickson, 2006).  

Several studies have shown that the cohesin complex is a ring-shaped tripartite 

structure with a diameter of 50 nm created by a direct head-to-head interaction 

between the hinge domains of the Smc1 and Smc3 coiled coils, and a tail-to-tail 

interaction with Scc1/Mcd1/Rad21, a member of the kleisin protein family (see Figure 

1.4) (Guacci et al., 1997; Michaelis et al., 1997; Losada et al., 1998; Sumara et al., 2000; 

Losada et al., 2000; Gligoris et al., 2014; Huis et al., 2014). Scc3/Psc3/SA serves as a 

scaffold for binding of several accessory subunits that regulate cohesin functions.  

It has been shown that the C-terminal region of Scc1 forms a winged-helix domain 

(WHD) that interacts directly with the Smc1 ATPase head (Haering et al., 2004), while 

the N-terminal region of Scc1 folds into two helices, which form a four-helix bundle with 

the coiled-coil region adjacent to the Smc3 ATPase head (Gligoris et al., 2014). The 

central region of Scc1 folds into several short helices and binds to HEAT repeat-

containing Scc3/Psc3/SA2 through an extensive binding interface of highly conserved 

residues (Hara et al., 2014). The cohesin complex topologically embraces and holds 

sister chromatids together from telophase/G1 until mitosis when it is removed from 

chromatin and chromosomes separate (Ivanov et al., 2005; Haering et al., 2008; 

Nishiyama et al., 2010).   
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Figure 1.4 The cohesin complex 

Cohesin is a ring-shaped tripartite protein complex made up of flexible coiled coils of the 
structural maintenance of chromosome proteins, Smc1 and Smc3; these two heterodimers bind 
to each other head to head through the hinge domain and tail to tail through their interaction 
with Scc1 and SA1 or 2. It is associated with regulatory proteins such as Pds5, Sororin, and Wapl, 
which bind cohesin via the Scc1 and SA1/2 subunits. Pds5 binds both Sororin and Wapl and 
regulates the function of Cohesin. The Pds5-Sororin complex is important in the maintenance 
of sister chromatid cohesion, in conjunction with Smc3 acetylation by Esco1 and Esco2. Wapl 
binds to Pds5 and removes cohesin from chromatin. Ac= acetylation; N= N-terminus of Scc1; C= 
C-terminus of Scc1 (Adapted, with modifications, from Peters, 2012).  
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Table 1-1 Conservation of cohesin subunits and cohesin regulatory proteins 

Function H. sapiens S. cerevisiae S.pombe D.melanogaster X.laevis 

Cohesin subunits 

Smc1 α 

Smc1 β* 

Smc3  

RAD21/Scc1 

SA1/STAG1 

SA2/STAG2 

SA3*/STAG3 

Rec8*/Scc1 

Smc1 

 

Smc3 

MCD1 

Scc3 

 

 

Rec8* 

Psm1 

 

Psm3 

Rad21 

Psc3 

 

Rec11* 

Rec8* 

Smc1 

 

Smc3 

Rad21 

SA 

SA2 

 

c(2)M* 

Smc1 

 

Smc3 

Rad21 

SA1 

SA2 

 

Rec8* 

Loading factors 
Nipbl 

hScc4 (Mau2) 

Scc2 

Scc4 

Mis4 

Ssl3 

Nipped-B 

Scc4 

Scc2 

Scc4 

Acetyltransferases 
Esco1 

Esco2 

Eco1/Ctf7 Eso1 Deco 

San  

XEsco1 

XEsco2 

Cohesin 

deacetylases HDAC8** Hos1  

   

Cohesion 

Establishment Sororin/CDCA5   Dalmatian 

 

Cohesin 

maintenance 

PDS5A 

PDS5B 

PDS5 Pds5 Pds5  PDS5A 

PDS5B 

Cohesion 

dissolution 

WAPAL 

Plk1 

Separin 

Wpl1/Rad61 

CDC5 

ESP1 

Wapl 

Plo1 

Cut1 

Wapl 

Polo 

Separase 

Wapl 

Plx1 

Separin 

 

* Meiotic cohesin subunits 
** Histone deacetylase 8 
(Onn et al., 2008; Peters et al., 2008). 
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1.3.1 Cohesin Regulation during the Chromosome Cycle 

1.3.1.1 Loading of Cohesin onto Chromatin 

In every cell cycle chromosomes undergo a series of dynamic changes called the 

chromosome cycle, which involves replication, cohesion, and segregation, all mediated 

by the cohesin complex. Cohesin is recruited and loaded onto chromatin by the loader 

complex comprising Scc2 and Scc4 heterodimers (Kollerin complex/Nipbl/Mau) (Ciosk 

et al., 2000) and requires pre-replication complexes in vertebrates (Gillespie & Hirano, 

2004; Guillou et al., 2010; Higashi et al., 2012; Takahashi et al., 2008) and ATP hydrolysis 

by the Smc3 head domains (Gruber et al., 2006). The cohesin complexes are assembled 

prior to loading onto chromatin (Losada et al., 1998; Waizenegger et al., 2000), and 

according to the logic of the ring model the cohesin ring must transiently open up to 

allow entry of DNA (Gruber et al., 2006). The cohesin ring has three possible gates, the 

Smc1–Smc3 hinge, the Smc1–Scc1 gate, and the Smc3–Scc1 gate (Figure 1.4). Studies in 

both yeast and human cells suggest that cohesin loading takes place via the Smc1–Smc3 

hinge domain while the interface between Smc3 and Scc1 serves as the DNA exit gate 

(Gruber et al., 2006; Buheitel et al., 2013). 

In vertebrates, cohesin is loaded onto chromatin during telophase while in budding 

yeast it is loaded in late G1 (Gillespie & Hirano, 2004; Takahashi et al., 2004); (Guacci et 

al., 1997). In yeast, cohesin cannot be loaded onto chromatin before G1 because of 

Separase’s continuous destruction of cohesin through G1 (Uhlmann et al., 1999). In S. 

cerevisiae cohesin binds chromatin both at the centromeric region and the cohesion 

attachment regions (CARS), which are typically 500-800 base pairs long and occur nearly 

every nine kilobases along the chromosomes arms (Cohen-Fix, 2001; Wang & 

Christman, 2001). CARS have an increased A/T content (Blat & Kleckner, 1999). Before 

S-phase, the cohesin that associates with chromatin has high turnover due to the Wapl-

Pds5 sub-complex-orchestrated cycle of chromatin entrapment and release (Eichinger 

et al., 2013; Gerlich et al., 2006; Nishiyama et al., 2010). 
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1.3.1.2 Cohesion Establishment and Maintenance  

The recruitment and loading of cohesin onto chromatin by the Scc2-Scc4 loader 

complex is essential but not sufficient for the establishment of sister chromatid 

cohesion. Establishment of sister chromatid cohesion depends on acetyltransferase 

Eco1/Ctf7 (Esco1/Esco2 in humans), which is conserved from yeast to humans (Skibbens 

et al., 1999; Toth et al., 1999; Ivanov et al., 2002; Unal et al., 2007; Zhang et al., 2008), 

and acetylates Smc3 on two Lysine residues (K105/106 in humans) and renders cohesin 

insensitive to Wapl (Rolef et al., 2008; Rowland et al., 2009; Sutani et al., 2009; Unal et 

al., 2008; Zhang et al., 2008), following the passage of the replication fork (Nishiyama 

et al., 2010). In humans, acetylation of Smc3 is coupled with the recruitment of Sororin 

to chromatin, which displaces Wapl from Pds5, and establishes sister chromatid 

cohesion (Lafont et al., 2010; Nishiyama et al., 2010). Both Wapl and Sororin contain 

FGF (Phenylalanine-Glycine-Phenylalanine) motifs, via which they bind to Pds5 

(Nishiyama et al., 2010).   

Locking of cohesin’s exit gate through the fusion of Smc3 to Scc1 allows stable sister 

chromatid cohesion in the absence of Eco1 (Chan et al., 2012), suggesting that Eco1-

mediated Smc3 acetylation establishes cohesion by locking cohesin’s exit gate. The 

establishment of sister chromatid cohesion is intimately linked to DNA replication and 

Eco1 has been shown to associate with the replication fork (Skibbens et al., 1999; Toth 

et al., 1999; Ivanov et al., 2002; Unal et al., 2007) and is specifically required in S-phase 

(Skibbens et al., 1999). Eco1 accumulates at sites of DNA replication and has been found 

to bind many factors involved in DNA replication including PCNA (Kenna & Skibbens, 

2003; Lengronne et al., 2006; Moldovan et al., 2006; Song et al., 2012). Both Esco1 and 

Esco2 are required for Sororin-dependent stabilisation of cohesin on chromatin in G2 

(Laduner et al., 2016). 

Various models of chromatin entrapment by cohesin have been proposed (Figure 1.5). 

Among these is a model (Figure 1.5A) that proposes that cohesin entraps single DNAs 

before S-phase and that the replication fork passes through the cohesin rings, thereby 

automatically coentraping sister chromatids (Haering et al., 2002). Another model 

(Figure 1.5B) suggests that cohesin rings, loaded onto chromatin earlier, transiently 
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open to allow the passage of the replication forks and then reclose to coentrap sister 

chromatids (Lengronne et al., 2006). The third (Figure 1.5C) model proposes that 

cohesin de novo coentraps two sister chromatids at once after the passage of the 

replication forks. In each of these models, Eco1 (Esco1/Esco2) may be required for sister 

chromatid cohesion. 

Sister chromatid cohesion can also be established in G2 in response to DNA damage in 

a manner that depends on Scc1 acetylation, but not Smc3, by Eco1/Esco1, suggesting 

that coentrapment of sister chromatids by cohesin does not strictly depend on DNA 

replication (Lyons & Morgan, 2011; Strom et al., 2007; Unal et al., 2007). Once 

established in S-phase, sister chromatid cohesion is maintained until mitosis. This 

notion is supported by the finding that there is a pool of chromatin-associated cohesin 

complexes that has little-to-no turnover throughout G2 (Chan et al., 2012; Gerlich et al., 

2006; Lopez-Serra et al., 2013).  
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Figure 1.5 Models of cohesin interaction with chromatin 

(A) The direct binding model. The SMC proteins interact directly with chromatin to form a 
physical bridge between the sister chromatids (Anderson et al., 2002, Haering et al., 2002). (B) 
The double-ring model. 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). (C) The ring model. It is the currently accepted 
cohesin-chromatin interaction model, which proposes that the cohesin complex binds by 
encircling and embracing the two sister chromatids (Haering et al., 2002). 
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1.3.1.3 Cohesin Dissociation from Chromatin 

Dissolution of sister chromatid cohesion takes place in mitosis. In yeast, sister chromatid 

cohesion is maintained until the metaphase-to-anaphase transition (Losada et al., 1998; 

Waizenegger et al., 2000). However, in animal cells, two distinct pathways, the 

prophase pathway and the SAC-mediated pathway, are responsible for the two-stage 

dissociation of cohesin from chromosomes; cohesin is removed from chromosome arms 

during prophase, and from the centromere during the metaphase-to-anaphase 

transition (Figure 1.6) (Losada et al., 1998; Waizenegger et al., 2000). A number of 

Serine/Threonine (S/T) protein kinases regulate the removal of cohesin from chromatin 

at mitosis; these include Aurora B, Cdk1, and Plk1 (Taylor & Paters, 2008; Hochegger et 

al., 2008; Takaki et al., 2008). While the role of Aurora B in the prophase pathway is still 

obscure, Cdk1 and Plk1 have been shown to phosphorylate Sororin and SA2, 

respectively, facilitating the removal of cohesin by Wapl from chromosome arms 

(Sumara et al., 2002; Rivera & Losada, 2009; Nishiyama et al., 2010). 

Recent evidence suggests that the Smc3–Scc1 interface is the DNA exit gate of cohesin 

(Buheitel et al., 2013). Studies in yeast showed that fusion of Smc3 to the N-terminal 

region of Scc1 blocks the release of DNA from cohesin in interphase (Chan et al., 2012), 

while mutations in the Smc3–Scc1 interface in human cells destabilises the interaction 

between cohesin and chromatin, and disrupt sister chromatid cohesion (Huis et al., 

2014), suggesting that the Smc3–Scc1 interface is the conserved DNA exit gate of 

cohesin. Why cohesin has distinct DNA entry and exit gates is not yet clear. Since the 

Smc1 and Smc3 coiled coils contain ATPase domains and are related to ABC transporters 

(Guacci et al., 1997; Michaelis et al., 1997; Losada et al., 1998; Sumara et al., 2000; 

Losada et al., 2000), a possible explanation of having separate entry and exit gates is to 

allow for a more specific level of regulation, conferring a sense of directionality to 

cohesin transport (Haarhuis et al., 2014).  

1.3.1.3.1 The Prophase Pathway 

The removal of cohesin from chromosome arms at prophase depends on Wapl and Pds5 

(Gandhi et al 2006; Kueng et al 2006). Phosphorylation of Sororin and SA2 by Cdk1 and 

polo-like kinase 1 (Plk1), respectively, destabilises cohesin and abolishes the ability of  
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Sororin to antagonise Wapl (Sumara et al., 2002; Nishiyama et al., 2010). Following 

further phosphorylation by Aurora B (Nishiyama et al., 2013), Sororin dissociates from 

chromatin, allowing Wapl to bind Pds5 via the FGF motif, and remove cohesin from the 

chromosome arms (Chan et al., 2012; Rowland et al., 2009). Wapl may open up the DNA 

exit gate by directly disengaging Scc1 from Smc3 (Buheitel & Stemmann, 2013; Eichinger 

et al., 2013). 

The Cdk1-mediated inactivation of the Scc2-Scc4 loader complex in mitosis ensures that 

the cohesin rings removed from chromosome arms by Wapl do not reload until 

telophase (Gillespie & Hirano, 2004; Watrin et al., 2006). The prophase pathway does 

not involve Smc3 deacetylation (Beckouet et al., 2010; Borges et al., 2010; Deardorff et 

al., 2012; Xiong et al., 2010).  

1.3.1.3.2 The Spindle Assembly Checkpoint-mediated Pathway 

During prophase centromeric cohesin is protected from the Wapl-dependent cohesin 

removal by Shugoshin (Sgo1) (McGuinness et al., 2005; Salic et al., 2004) which 

competitively binds to cohesin and inhibits the recruitment of Wapl to SA2/Scc1 (Hara 

et al., 2014) and recruits protein phosphatase 2A (PP2A) that suppresses the 

phosphorylation of Sororin and SA2 (Kitajima et al., 2006; Liu et al., 2013b; Nishiyama 

et al., 2013). The role of centromeric cohesin protection is to confer the cohesion that 

is required to counteract the pulling forces of spindle microtubules before anaphase. 

The SAC is constitutively activated as soon as cells enter mitosis and remains so until 

kinetochores of all chromosomes are attached to microtubules and generate the 

appropriate bipolar tension and chromosomes are aligned at the metaphase plate 

(Musacchio & Salmon, 2007). Once bipolar spindle attachment is achieved and the SAC 

is satisfied, Securin is ubiquitinated by the APC/C and targeted for degradation. This 

activates Separase which then disrupts the cohesin ring at the centromere by cleaving 

Scc1, resulting in sister chromatid separation at anaphase (Musacchio & Salmon, 2007; 

Nasmyth & Haering, 2009; Peters et al., 2008). Cohesins removed from the centromere 

are recycled by the dephosphorylation of SA2 and deacetylation of Smc3 by 

HDAC8/Hos1, and can be reloaded onto chromatin in Telophase (Zhang & Pati, 2012).  
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Figure 1.6 Cohesin regulation during the chromosome cycle 

The cohesin complex is loaded onto chromatin during telophase and G1 with the aid of loading 
factors Scc2/Scc4. The cohesin-chromatin association at this stage is dynamic. SCC is established 
and requires additional factors such as Esco1/2 and Sororin. During prophase, the bulk of 
cohesin dissociates from chromosome arms via the prophase pathway, involving Plk1, Aurora B 
and Wapl. However, the centromeric cohesin is protected by the Sgo1-PP2A complex. The 
centromeric cohesin is removed during metaphase-to-anaphase transition by Separase, 
following its activation by APC/C which allows the transition to anaphase (Campbell & Cohen-
Fix, 2002; Peters et al., 2008; Zheng & Yu, 2015). 
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1.3.2 Cohesin-related Proteins 

As briefly discussed earlier, apart from core subunits Smc1, Smc3, Scc1, and Scc3, the 

cohesin complex comprises many associated proteins that have been shown to be 

important for its function. These include establishment of sister chromatid cohesion N-

acetyltransferase 1 and 2 (Esco1 and Esco2), precocious dissociation of sisters protein 5 

(Pds5), Wings apart-like protein (Wapl), Sororin, and Shugoshin (Sgo1). These proteins 

are required in various cohesin functions that include establishment, maintenance, and 

dissolution of sister chromatid cohesion. Pds5 forms a complex with either Sororin or 

Wapl to mediate cohesion maintenance or dissolution, respectively (Panizza et al., 

2000; Gandhi et al., 2006; Nishiyama et al., 2010; Ladurner et al., 2016; Samora et al., 

2016). Establishment and maintenance of sister chromatid cohesion depends on Esco1 

and Esco2, as well as recruitment of Sororin to chromatin (Rankin et al., 2005; Schmitz 

et al., 2007; Zhang et al., 2008; Nishiyama et al., 2010). Wapl also requires Scc1 and Scc3 

to associate with cohesin (Kueng et al., 2006).  

1.3.2.1 Pds5 

The precocious dissociation of sisters protein 5 (Pds5) was first identified in a genetic 

screen for genes important for chromosome structure (Denison et al., 1993), and 

belongs to a family of highly conserved, HEAT (Huntington, Elongation Factor 3, PR65/A, 

TOR) repeat-containing proteins (Hartman et al., 2000; Panizza et al., 2000), with 

homologues in most eukaryotic cells (Table 1.2). HEAT repeats are used as protein 

interaction domains in other proteins such as Scc2 (Panizza et al., 2000). Vertebrate cells 

contain two Pds5 homologues, Pds5A and Pds5B (Figure 1.7) (Losada et al., 2005), which 

are both essential for the establishment and maintenance of sister chromatid cohesion, 

and co-localize with cohesin during interphase (Hartman et al., 2000).  

Pds5 is recruited to chromatin by Scc1 and is required for cohesin’s release from 

chromatin as well as de novo Smc3 acetylation (Chan et al., 2013), but is not required 

for cohesin’s recruitment to chromatin (Hu et al., 2011). It has both positive and 

negative roles in sister chromatid cohesion through the recruitment of positive (such as 

Eco1/Esco1/Esco2 and Sororin) and negative regulators (such as Wapl) to cohesin 

(Losada et al., 2005). The Pds5-Wapl sub-complex destabilises the binding of cohesin to  
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Table 1-2 Pds5 isoform nomenclature and identity 

 

(Denison et al., 1993).  
 

  

Name Size (a.a) Species 

Identity (%) 

Homo sapiens 

Pds5A (SCC-112) Pds5B (APRIN, 

AS3, KIAA0979) 

Pds5p  1277 S. cerevisiae 19 19 

Pds5+ 1205 S. pombe 23 25 

BimD 1506 A. nidulans 23 21 

Spo76 1596 S. macrospora 21 20 

Pds5 1218 D. melanogaster 37 37 

Evl-14 1570 C. elegans 20 21 

Pds5A 1323 X. laevis 86 69 

Pds5A 1333 R. norvegicus 97 72 

Pds5A 

(SCC112) 
1337 H. sapiens 

- 73 

Pds5B 1447 H. sapiens 73 - 
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Figure 1.7 Schematic representation of human Pds5A and Pds5B protein sequences 

The N-termini of Pds5A and Pds5B are similar, they contain 23 HEAT repeats and one protein-
DNA interaction motif (leucine zipper). However, their C- termini differ, whereas Pds5A has one 
adenine-thymine (AT)-hook domain, 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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chromatin before S-phase and removes cohesin from the chromosome arms during 

prophase, while the Pds5-Sororin sub-complex establishes and maintains sister 

chromatid cohesion from S-phase to mitosis (Shintomi & Hirano, 2009; Nishiyama et al., 

2010). Both Pds5A and Pds5B can associate with the SA1 and SA2 subunits of cohesin 

(Sumara et al., 2000; Losada et al., 2005). Since cohesin can only associate with either 

SA1 or SA2, but not both SA1 and SA2, there are at least four distinct types of cohesins 

in vertebrate cells (SA1-Pds5A, SA1-Pds5B, SA2-Pds5A, SA2-Pds5B) (Sumara et al., 2000; 

Losada et al., 2005).  

In yeast, loss of Pds5 reduces viability in G2-arrested cells (Tanaka et al., 2001; Wang et 

al., 2002) and several studies in worms and Drosophila have shown that Pds5 is essential 

for sister chromatid cohesion (Hartman et al., 2000; Panizza et al., 2000; Tanaka et al., 

2001; Stead et al., 2003; Wang et al., 2003; Dorsett et al., 2005). In mouse cells, both 

Pds5A and Pds5B contribute to sister chromatid cohesion (Carretero et al., 2013), 

although depletion of either Pds5A or Pds5B from vertebrate cells has been found to 

have minor (Zhang et al., 2007) or no effect on sister chromatid cohesion (Losada et al., 

2005). More recent studies have shown that Pds5A- and Pds5B-deficient mice have 

developmental abnormalities and slow growth of mouse embryonic fibroblasts (MEFs) 

(Carretero et al., 2013) and that Pds5 recruits Esco1 to chromatin in human cells 

(Minamino et al., 2015) and is required for de novo Smc3 acetylation by Eco1 (Carretero 

et al., 2013; Chan et al., 2013; Vaur et al., 2012). It is required for sister chromatid 

resolution in Xenopus extracts, and both sister chromatid cohesion and resolution in 

mice (Carretero et al., 2013; Shintomi & Hirano 2009).  

Pds5 is required for cohesin’s release from chromatin (Nishiyama et al., 2010; Chan et 

al., 2013) and prevents Smc3 deacetylation by Hos1 during G2 and M phases, thereby 

contributing to the maintenance of sister chromatid cohesion (Chan et al., 2013). 

Contrary to previous studies which suggested that Pds5A and Pds5B are redundant 

(Zhang et al., 2007, 2009), recent studies reported that while both proteins contribute 

to telomere and arm cohesion, Pds5B is specifically required for centromeric cohesion 

(Carretero et al., 2013), suggesting that the two proteins may have non-overlapping 

functions.   
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1.3.2.2 Wapl 

The wings apart-like protein (Wapl) was first identified in Drosophila as a protein 

required for heterochromatin organization and chromosome segregation (Perimon et 

al., 1985; Verni et al., 2000; Dobie et al., 2001). It is highly conserved from yeast to man, 

with high homology in the HEAT repeat-containing C-terminal domain (Kueng et al 2006; 

Chatterjee et al 2013; Ouyang et al 2013). The Wapl HEAT repeats serve as cohesin 

binding surfaces (Kueng et al 2006; Chatterjee et al 2013; Ouyang et al 2013). The N-

terminal region of Wapl contains three FGF motifs through which it binds Pds5, SA1, 

and Scc1 (Table 1.3) (Shintomi & Hirano, 2009; Nishiyama et al., 2010; Ouyang et al., 

2013). In human cell lysates, Wapl is present in a distinct sub-complex with Pds5A 

(Kueng et al., 2006; Ladurner et al., 2016; Samora et al., 2016). In mammalian cells, Wapl 

also binds to cohesin by interacting with SA1 and Scc1 (Kueng et al., 2006; Shintomi & 

Hirano, 2009).  

By binding to Pds5 in interphase, Wapl mediates the dynamic association of cohesin 

with chromatin before S-phase (Kueng et al., 2006; Nishiyama et al., 2010; Chan et al., 

2012). At prophase, Wapl displaces Sororin from Pds5 and removes cohesin from 

chromosome arms by opening the DNA exit gate at the Smc3–Scc1 interface (Gandhi et 

al., 2006; Kueng et al., 2006; Nishiyama et al., 2010; Zhang et al., 2011; Chan et al., 2012; 

Huis et al., 2014). Since the Wapl-orchestrated removal of cohesin from the 

chromosome arms at prophase is non-proteolytic, the prophase pathway promotes 

both sister chromatid decatenation and preservation of intact cohesin that can be 

reloaded onto chromatin in the next cell cycle (Waizenegger et al., 2000; Kueng et al., 

2006; Peters et al., 2008; Zhang et al., 2011; Chan et al., 2012; Tedeschi, 2013; Haarhuis 

et al., 2014).  

Wapl is not required for sister chromatid cohesion in vertebrate cells. Studies in several 

organisms have shown that Wapl inactivation essentially bypasses the requirement for 

positive cohesion factors such as Eco1, Sororin, or Sgo1 (Kueng et al., 2006; Gandhi et 

al., 2006; Rowland et al., 2009; Nishiyama et al., 2010), suggesting that Wapl is a 

negative regulator of cohesin. Overexpression of Wapl leads to precocious separation 

of sister chromatids (Gandhi et al., 2006).   
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Previous studies on Wapl have identified 20 putative Plk1 phosphorylation sites 

matching the consensus sequence (E/D/Q)-x-(S/T) and one matching the consensus 

sequence (E/D)-x-(S/T)Φ-x-(E/D)Φ, where Φ is a hydrophobic amino acid, suggesting 

that Wapl is regulated by phosphorylation (Barr et al., 2004; Nakajima et al., 2003).    

1.3.2.3 Esco1 and Esco2 

The establishment of sister chromatid cohesion N-acetyltransferase 1 and 2 (Esco1 and 

Esco2) are human orthologs of acetyltransferase Eco1/Ctf7, required in S-phase during 

establishment of sister chromatid cohesion (Hou & Zou, 2005; Takagi et al., 2008). Eco1 

was first identified in S. cerevisiae as a sister chromatid cohesion establishment factor 

(Ivanov et al., 2002; Skibbens et al., 1999; Toth et al., 1999). Apart from Esco1 and Esco2, 

previous studies have identified several orthologs of Eco1 across species, including Eso1 

in fission yeast, Deco in Drosophila, and XEco1 and XEco2 in Xenopus, all containing an 

N-terminal C2H2 zinc finger (ZF) and PCNA-interacting Protein (PIP) box domain, as well 

as a C-terminal acetyltransferase domain (Figure 1.8) (Ivanov et al., 2002; Hou & Zou 

2005; Moldovan et al., 2006; Takagi et al., 2008).  

While the role of the C2H2 Zinc finger domain remains unknown, the acetyltransferase 

and PIP domains are required for enzymatic activity and binding to PCNA, respectively 

(Moldovan et al., 2006; Song et al., 2012). In other proteins, the C2H2 zinc finger 

domains serve as DNA binding motifs. The Eco1-PCNA interaction is essential in 

establishing sister chromatid cohesion (Moldovan et al., 2006; Song et al., 2012). The 

role of Eco1 orthologs in sister chromatid cohesion is highly conserved in several 

species. Studies in fission yeast have shown that Eso1 is required in S-phase for proper 

chromosome segregation (Tanaka et al., 2000) while in Drosophila, mutations in Deco 

lead to cohesion defects (Williams et al., 2003). In human cells, depletion of either Esco1 

or Esco2 leads to cohesion defects (Brads & Skibbens, 2005; Minamino et al., 2015). 

In S-phase, during DNA replication, Eco1 acetylates two lysine residues of Smc3, K115/116, 

while in humans, both Esco1 and Esco2 can acetylate Smc3 on lysine residues K105/106 to 

establish sister chromatid cohesion (Moldovan et al., 2006; Zhang et al., 2008; Song et 

al., 2012). In humans, acetylation of Smc3 is coupled with the recruitment of Sororin to   
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Table 1-3 Wapl isoforms 

Isoform  Size (a.a) Name  Interaction  Difference from 

canonical sequence 

1 1190 Wapl  Interacts via FGF 

motifs with 

Pds5  and Smc3 

Canonical 

sequence 

2 1227 Friend of EBNA2 

(FOE) 

Interacts with 

Epstein-Barr 

virus EBNA2 

Extended N-

terminal of 43 aa, 

510-515 a.a are 

missing 

3* 1275 KIAA0261 Not tested Extended N-

terminal of 85 a.a 

 
*Wapl isoform 3 was determined by a chromosomal mapping of cDNA clones of unidentified 
human genes from human immature myeloid cell line KG-1. No experimental confirmation is 
available for this isoform (Oikawa et al., 2004; Kwiatkowski et al., 2004; Nagase et al., 1996).  
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Figure 1.8 The Eco1 acetyltransferase and its homologs 

The S. cerevisiae Eco1 protein contains PIP box, C2H2 zinc finger, and acetyltransferase 
domains. Eco1 homologs have been identified in several organisms. Two Eco1 homologs have 
been identified in Xenopus (not shown) and human (Esco1 and Esco2). Each Eco1 homolog has 
a conserved C terminus containing a PIP box, C2H2 zinc finger, and acetyltransferase domains. 
The N terminus is divergent. PIP= PCNA-interacting protein box domain; ACT= acetyltransferase 
domain; C2H2= Cys (2) His (2) zinc finger domain. (Moldovan et al., 2006). 
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chromatin, which displaces Wapl from Pds5, and establishes sister chromatid cohesion 

(Lafont et al., 2010; Nishiyama et al., 2010). Acetylation of cohesin has been shown to 

speed the replication fork (Terret et al., 2009). 

Eco1/Ctf7 associates with chromosomes throughout the cell cycle in budding yeast 

(Skibbens et al., 1999; Toth et al., 1999). However, in human cells, Esco1 and Esco2 

differ in the way they associate with chromatin. While Esco1 is expressed throughout 

the cell cycle, Esco2 is only expressed during S-phase where it has been shown to bind 

to chromosomes (Hou & Zou , 2005; van der Lelij et al., 2009; Lafont et al., 2010; Song 

et al., 2012; Whelan et al., 2012). In mitosis, Esco1 is phosphorylated by Cdk1 (Lyons & 

Morgan, 2011), while Esco2 is degraded by the APCCdh1 (Hou & Zou, 2005; van der Lelij 

et al., 2009; Song et al., 2012; Whelan et al., 2012). 

The Esco1 and Esco2 proteins are not redundant as neither of them can compensate for 

the loss of the other (Hou & Zou, 2005). Studies in mammalian cells have shown that 

Esco1 interacts exclusively with Pds5, and that its recruitment to chromatin depends on 

Pds5 (Minamino et al., 2015). Furthermore, Esco1 is able to acetylate Smc3 

independently of DNA replication (Minamino et al., 2015). Acetylation of Smc3’s ATPase 

head domain by the Esco1 and Esco2 cohesin acetyltransferases, with concomitant 

recruitment and binding of Sororin to Pds5, following the passage of the replication 

fork, is thought to keep the DNA exit gate locked shut, thereby maintaining sister 

chromatid cohesion (Buheitel & Stemmann, 2013; Chan et al., 2012; Eichinger et al., 

2013). 

 A number of human diseases have been linked with Eco1 dysregulation. In addition to 

causing Roberts Syndrome /SC Phocomelia (Brads & Skibbens, 2005; Schule et al., 2005; 

Vega et al., 2005), Esco2 has been found to be upregulated in aggressive melanoma 

(Ryu et al., 2007). 
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1.3.2.4 Sororin  

Sororin was initially identified in a genetic screen in Xenopus laevis as a substrate of the 

APC/C, a multi-subunit ubiquitin ligase complex that targets proteins for degradation 

(Morgan, 1999; Rankin et al., 2005; Reddy et al., 2007; Stegmeier et al., 2007). Although 

Sororin is conserved in vertebrates, no homolog has been identified in lower eukaryotes 

(Zhang & Pati, 2012). It has been proposed that the Sororin function is performed by a 

domain of another cohesin subunit in lower eukaryotes (Chan et al., 2013). Studies in 

Drosophila identified Dalmatian as a homolog of Sororin (Figure 1.9) (Nishiyama et al., 

2010). The N-terminus of Sororin contains a KEN box, a Plk1 binding motif and FGF motif 

(Rankin et al., 2005). Furthermore, the N terminus and middle part of Sororin contain 

nine consensus sites (S21, S75, T48, S79, T111, T115, T159, S181 and S209) for Cdk1/cyclin B1 

phosphorylation (Dreier et al., 2011, Zhang et al., 2011). In humans, Sororin is expressed 

from S to G2-phase and degraded after mitosis in early G1 (Nishiyama et al., 2010; 

Lafont et al., 2010; Zhang et al., 2011). It is a nuclear protein in interphase cells and 

dissociates from chromosome arms in prophase, but persists on centromeres until 

metaphase (Nishiyama et al., 2010; Zhang et al., 2011). 

Sororin is a positive regulator of cohesin; it is required for the establishment and 

maintenance of sister chromatid cohesion (Rankin et al., 2005; Schmitz et al., 2007). 

Previous studies have shown that siRNA-mediated depletion of Sororin from 

synchronized HeLa cells at S-phase doubles the distance between chromosome arms 

(Schmitz et al., 2007; Nishiyama et al., 2010), suggesting that Sororin is required for 

sister chromatid cohesion.  

During S-phase, Sororin is recruited to chromatin by Pds5 in an Smc3 acetylation-

dependent manner, and competitively displaces Wapl by causing a conformational 

rearrangement within cohesin (but Wapl remains associated with Pds5) and binds Pds5 

via the FGF motif to establish cohesion (Nishiyama et al., 2010). Mutations in the FGF 

motif or depletion of Pds5 from Xenopus egg extracts decrease the Sororin-Pds5 

interaction or association of Sororin with chromatin, respectively (Nishiyama et al., 

2010), suggesting that Sororin’s FGF motif is important for interaction with Pds5. 

Depletion of Esco1 and Esco2 from HeLa cells reduced the association of Sororin with   
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Figure 1.9 Schematic sequence comparison of human and Xenopus Sororin and Drosophila 
Dalmatian. 

The C-termini of human and Xenopus Sororin and Drosophila Dalmatian are conserved. 
Although Dalmatian is bigger than its vertebrate orthologs, these proteins all contain FGF motifs 
and KEN boxes. While human and Xenopus Sororin proteins contain only one FGF motif each, 
Drosophila Dalmatian contains three FGF motifs (Nishiyama et al., 2010).   
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chromatin (Nishiyama et al., 2010), suggesting that Sororin is recruited to chromatin in 

a manner that depends on Smc3 acetylation. Recent evidence shows that the C-

terminus of Sororin binds to the cohesin core subunit SA2, and can co-IP other cohesin 

core subunits such as Scc1/Rad21, Smc1, Smc3, and SA1, as well as associated proteins 

like Pds5A, Pds5B, and Wapl (Zhang & Pati, 2015). 

At prophase, Sororin and SA2 are phosphorylated by Cdk1 and polo-like kinase 1 (Plk1), 

respectively (Sumara et al., 2002; Nishiyama et al., 2010). The phosphorylation of 

Sororin and SA2 destabilises cohesin and abolishes the ability of Sororin to antagonise 

Wapl (Sumara et al., 2002; Nishiyama et al., 2010). Following further phosphorylation, 

Sororin dissociates from chromatin, allowing Wapl to bind Pds5 via the FGF motif, and 

remove cohesin from the chromosome arms (Chan et al., 2012; Rowland et al., 2009). 

However, centromere-associated Sororin is removed from chromatin at metaphase. 

Mutations in all the nine putative Cdk1/cyclin B1 phosphorylation sites blocked the 

dissociation of Sororin from cohesin (Zhang et al., 2011), indicating that Sororin is 

regulated by phosphorylation. 

1.3.2.5 Shugoshin 

Shugoshin (Sgo) was first identified in Drosophila (Mei-S332) as a meiotic mutant that 

resulted in precocious sister centromere separation (Kerrebrock et al., 1995). Genetic 

screens carried out in fission and budding yeasts later identified Shugoshins (guardian 

of the genome) as a family of proteins required for protection of meiotic cohesion in 

these organisms (Marston et al., 2004; Kitajima et al., 2004; Katis et al., 2004; Rabitsch 

et al., 2004). Shugoshin proteins are neither kinases nor phosphatases; they are 

relatively divergent proteins except for a conserved C-terminal “SGO” motif and an N-

terminal coiled-coil domain (Marston, 2015). Whereas Drosophila and budding yeast 

have only one type of the Shugoshin protein (Sgo1), fission yeast, plants, and mammals 

have two distinct Shugoshin proteins, Sgo1 and Sgo2, with distinct and overlapping 

functions (Vanoosthuyse et al., 2007; Kawashima et al., 2007; Gutierrez-Caballero et al., 

2012). While depletion of Sgo2 delocalizes PP2A from centromeres (Kitajima et al., 

2006) but has little effect on sister chromatid cohesion (Orth et al., 2011), depletion of 

Sgo1 from human cells results in loss of cohesion without affecting PP2A localization at  
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centromeres (Kitajima et al., 2006; Tang et al., 2006). Some Shugoshin proteins are only 

found in meiotic cells while others (such as budding yeast Sgo1 and Drosophila Mei-

S332) are present in both meiotic and somatic cells (Figure 1.10). Shugoshin 1 (Sgo1) 

localizes to the centromere in prometaphase of either mitosis or meiosis, and remains 

bound to centromeric cohesin until segregation of sister chromatids (Moore et al., 

1998). 

Sgo1 protects centromeric cohesin from the Wapl-mediated prophase pathway 

removal, thus ensuring centromeric cohesion is maintained until the onset of anaphase 

(Riedel et al., 2006; Kitajima et al., 2006; Tang et al., 2006; Pouwels et al., 2007). 

Following its activation by phosphorylation on T346 by Cdk1, Sgo1 binds to 

pericentromeric cohesin and recruits protein phosphatase 2A (PP2A) that suppresses 

the phosphorylation of centromeric cohesin, thus protecting centromeric cohesion (Liu 

et al., 2013). 

Previous studies in Xenopus and humans have shown that the targeting of Sgo1-PP2A 

complex to the centromere requires the spindle checkpoint kinase Bub1 (Tang et al., 

2004; Kitajima et al., 2005; Tang et al., 2006), while in flies, the localization of Sgo1-

PP2A complex to the centromeres requires the Inner centromere protein (INCENP) and 

Aurora B (Resnick et al., 2006). Dissociation of Sgo1 from chromatin depends on Plk1 

(Clarke et al., 2005). When putative phosphorylation sites for Plk1 on Sgo1 were 

mutated, there was a significant decrease in correct localization and an increase in 

centriole splitting (Wang et al., 2008; Wang et al., 2006). The Sgo1-PP2A complex 

contributes to the protection of pericentromeric cohesion by ensuring the 

concentration of Sororin at centromeres; the complex counteracts Aurora B and Cdk1 

to maintain Sororin in the dephosphorylated state, thus preserving its association with 

Pds5 (Rankin et al., 2005; Nishiyama et al., 2010; Dreier et al., 2011; Nishiyama et al., 

2013; Liu et al., 2013a). The Sgo1-PP2A complex also prevents cohesin dissociation 

through SA2 dephosphorylation (Hauf et al., 2005; Kitajima et al., 2006; McGuinness et 

al., 2005; Nishiyama et al., 2013) and competitive inhibition of Wapl’s association with 

cohesin, since Sgo1 and Wapl bind the same interface on cohesin (Hara et al., 2014). 

Non-phosphorylatable Sororin and SA2 mutants have additive effects on slowing 

cohesin dissociation (Nishiyama et al., 2013).  
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Figure 1.10 Schematic diagram illustrating the key features of Sgo1 homologs 

The C-termini of Shugoshin proteins contain a conserved SGO motif (blue). The N-termini also 
contain a conserved coiled coil (green), which is required for Shugoshin dimerization and 
association with PP2A and/ or CPC. The SGO motif is required for the interaction with 
phosphorylated histone H2A. Motifs required for association with Heterochromatin Protein 1 
(HP1) or Mad2 (amino acids MRLP, AHLP, and LRLP) or those required for degradation (KEN box, 
D box, and amino acid sequence NKSEN) are shown. The sites for regulatory phosphorylation 
events are also shown by asterisks. Hs= Homo sapiens; Mm= Mus musculus; Xl= Xenopus laevis; 
Dm= Drosophila melanogaster; Sp= Schizosaccharomyces pombe; Sc= Saccharomyces cerevisiae 
(Marston, 2015). 
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1.3.3 Additional Functions of Cohesin 

1.3.3.1 Cohesin in DNA Damage Repair 

In the presence of DNA damage, cohesin assembles around the double strand break 

(DSB) with the aid of cohesin loading factors Scc2/Scc4 and phosphorylation of histone 

H2AX by the DNA damage checkpoint kinases Mec1 and Tel1 and the DNA damage 

sensing complex MRX/N (Mre11/Rad50/Xsr2/Nbs1) (Figure 1.11) (Strom et al., 2004; 

Unal et al., 2004). The DNA damage checkpoint is activated in response to Mre11 

signalling, resulting in phosphorylation of H2AX (called H2AX) thereby marking the site 

of DNA damage. 

Phosphorylation of H2AX creates a large domain of H2AX, which is permissive for 

cohesin binding (Unal et al., 2004). Mre11p enables cohesin binding to the phospho-

H2AX domain possibly through a direct interaction or by promoting the formation of 

single-stranded DNA (ssDNA) (Unal et al., 2004). Eco1/Esco1 acetyltransferase is also 

activated via DNA damage checkpoint signalling and promotes the establishment of 

sister chromatid cohesion, which is required for efficient DSB repair. 

1.3.3.2 Higher-Order Chromatin Structure 

As well as mediating sister chromatid cohesion, the cohesin complex has been shown 

to regulate cohesion-independent functions such as transcription (Gard et al., 2009) and 

DNA replication (Guillou et al., 2010) due to its contribution to the topological 

organisation of the genome (Gibcus & Dekker, 2013; Sofueva et al., 2013; Zuin et al., 

2014).  

1.3.3.2.1 Cohesin and Transcription 

All known cohesin functions rely on its ability to topologically embrace DNA molecules 

(Nasmyth & Haering, 2009). The observation that in vertebrate cells the binding of 

cohesin to chromatin does not correlate well with the time during the cell cycle when 

cohesion exists, and that cohesin expression occurs in a wide range of mammalian cells 

including post-mitotic neurons that normally do not replicate their DNA and thus cannot 

establish sister chromatid cohesion, suggested that cohesin’s function may not  



Chapter 1: Introduction 

35 
 

 

 

 

 

 

Figure 1.11 Cohesin metabolism during DNA damage repair. 

When DNA is damaged, the sensor gene Mre11 promotes signalling pathways that activate DNA 
damage checkpoints. In budding yeast, DNA damage promotes the dissociation of S-phase-
loaded cohesin from chromatin via the separase-mediated pathway. The phosphorylation of 
H2AX (called γH2AX) marks the site of DNA damage and signals the loading of cohesin around 
the DSB by the Scc2/Scc4 loader complex. Eco1/Esco1 acetyltransferase is activated via DNA 
damage checkpoint signalling and promotes the establishment of sister chromatid cohesion, 
which is required for the efficient DNA repair. 
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be restricted to sister chromatid cohesin (Losada et al., 1998; Sumara et al., 2000; 

Gerlich et al., 2006; Wendt et al., 2008). 

Cohesin is loaded onto chromatin by the Scc2–Scc4 loader complex (Ciosk et al., 2000; 

Watrin et al., 2006) but upon loading, it is able to translocate to other genomic sites 

(Lengronne et al., 2004) such as the ones bound by the chromatin insulator CTCF 

(CCCTC-binding factor) (Parelho et al., 2008; Wendt et al., 2008). In Xenopus cells, 

loading of cohesin onto chromatin by the Scc-Scc4 heterodimer requires the formation 

of pre-RCs at origins as a prerequisite (Gillespie & Hirano, 2004; Takahashi et al., 2004), 

although studies in budding yeast and Drosophila have shown that cohesin can 

associate with chromatin in the absence of pre-RCs (Uhlmann & Nasmyth, 1998; 

MacAlpine et al., 2010). 

The finding that mice lacking cohesin-SA1 have altered gene expression that affects 

embryonic development (Remeseiro et al., 2012b) consolidated earlier speculations of 

cohesin’s involvement in Drosophila and S. pombe gene expressions, where it localises 

with both the loader complex and RNA polymerase II (Misulovin et al., 2008) and acts 

as a terminator of transcription (Gullerova & Proudfoot, 2008). Incidentally, studies in 

yeast showed that cohesin accumulates to sites of convergent transcription, but away 

from actively transcribed genes (Ocampo-Hafalla & Uhlmann 2011), thus contributing 

to gene regulation by defining the position of genes (Gard et al., 2009). 

In conjunction with CTCF, cohesin mediates transcriptional insulation (Parelho et al., 

2008; Wendt et al., 2008) by promoting the formation of chromatin loops at several loci 

such as the β-globin locus and the surrounding olfactory receptor genes (Figure 1.12) 

(Hadjur et al., 2009; Mishiro et al., 2009; Nativio et al., 2009; Hou et al., 2010; Chien et 

al., 2011). Cohesin also facilitates DNA looping between enhancers and promoters of 

genes required for pluripotency maintenance in murine embryonic stem cells (Kagey et 

al., 2010), independently of CTCF (Kagey et al., 2010; Schmidt et al., 2010). Chromatin 

loops created by cohesin have various functions, including facilitating enhancer-

promoter interactions and regulating expression of genes within clusters by allowing or 

preventing certain chromatin contacts (Kagey et al., 2010; Monahan et al., 2012).  
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Figure 1.12 The role of cohesin in transcriptional regulation 

Cohesin regulates transcription by organizing the genome, which is partitioned into discrete 
units known as topologically associating domains (TADs) that range from 100 kb to 1 Mb in 
mammalian cells. Both CTCF (CCCTC-binding factor) and cohesin contribute to this organization 
through the formation of chromatin loops. TADs confine regulatory activities (e.g. enhancers) 
to a specific domain. Within a domain, cohesin promotes transcription by facilitating the 
interaction between an enhancer and a promoter or contribute to the transcriptional regulation 
of gene clusters. Cohesin has also been proposed to organize chromatin loops at replication 
factories, thereby facilitating simultaneous firing of the clustered origins (Courbet et al., 2008; 
Guillou et al., 2010). 
 

  

Cohesin 
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1.3.3.2.2 Cohesin and DNA Replication 

A proteomics study designed to gain an insight into the regulation of human origins of 

replication by searching for proteins that interact with the mini-chromosome 

maintenance (MCM) complex identified all six subunits of MCM (Mcm2–7) and three 

components of cohesin: Smc1, Smc3, and Rad21; and MCM immunoprecipitated both 

somatic versions of the SA subunit: SA1 and SA2 at all phases of the cell cycle, suggesting 

that cohesin interacts with the prereplicative complex (pre-RC) proteins (Guillou et al., 

2010). Both MCM and cohesin are loaded onto chromatin at the end of mitosis (Losada 

et al., 2000; Mendez & Stillman, 2000), but by independent mechanisms, and pre-RC 

formation is not essential for the recruitment of cohesin to chromatin in human cells 

(Guillou et al., 2010). 

The cohesin-pre-RC components interaction would imply cohesin’s participation in DNA 

replication. Indeed, depletion of cohesin core subunits Rad21 and Smc3 and analysis of 

DNA replication by FACS showed delayed S-phase (Guillou et al., 2010). However, 

depletion of Sororin, a cohesin-interacting protein that is essential for cohesion but 

dispensable for cohesin loading (Schmitz et al., 2007), or Chk1, the main effector kinase 

activated by ATR in response to DNA damage induced by replicative stress (Smits et al., 

2010), had no effect on S-phase, suggesting that the delay in DNA replication caused by 

depletion of cohesin was independent of cohesion or intra-S-phase checkpoint 

activation (Guillou et al., 2010). 

Further analysis of S-phase delay after cohesin depletion using DNA combing techniques 

after sequential pulse-labelling of cells with the nucleoside analogs IdU and CldU 

revealed a three-fold reduction in fork density (number of forks divided by the total 

length of DNA fibres, normalized by the percentage of cells in S phase), suggesting that 

the delay was likely caused by a reduced frequency of origin firing, since the levels of 

most initiator proteins such as ORC, MCM, Cdc45, and GINS (Go, Ichi, Nii, and San; five, 

one, two, and three in Japanese) (Takayama et al., 2003) subunit did not change after 

cohesin down-regulation (Guillou et al., 2010). 

  



Chapter 1: Introduction 

39 
 

While the strongest cohesin binding sites (CBSs) are coincidental with the binding sites 

of the insulator protein CTCF, cohesin also associates with many other positions with 

lower affinity, including replication origins in human cells, regardless of their timing of 

replication, and likely contributes to their activation (Guillou et al., 2010). Visualisation 

of DNA synthesis at replication foci using nucleoside analog 5-ethynyl 2’-deoxyuridine 

(EdU) labelling showed reduced intensity but not the number of DNA replication foci, 

suggesting that fewer origins were activated within each replication factory when 

cohesin was depleted (Guillou et al., 2010).  

Cohesin regulates gene expression by stabilizing long-range interactions between 

distant chromatin sites through the formation of loops (Kagey et al., 2010; Monahan et 

al., 2012). This suggests that cohesin might contribute to higher-order organization of 

replication factories by bringing together a group of neighbouring origins and looping 

out the intervening DNA (Guillou et al., 2010). Estimation of the average length of DNA 

loops in interphase nuclei depleted of cohesin using fluorescent DNA halo technique 

(Vogelstein et al., 1980; Buongiorno-Nardelli et al., 1982; Lemaitre et al., 2005; Courbet 

et al., 2008) showed fewer, longer loops, with increased halo radii, suggesting that 

cohesin participates in the higher-order organization of replication factories and 

modulates the size of chromatin loops that likely correspond to replicon units (Figure 

1.13) (Guillou et al., 2010). 
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Figure 1.13 The role of cohesin in DNA replication 

Cohesin regulates DNA replication by forming and/or stabilizing chromatin loops at replication 
foci. These long-range intrachromosomal interactions mediated by cohesin are necessary for 
bringing together a cluster of replication origins, thereby facilitating simultaneous firing of the 
clustered origins. In chromatin loops, origins of replication are located at the bases of the loops, 
where they are more prone to fire (Courbet et al., 2008; Guillou et al., 2010).  
 
 

  

Cohesin 
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1.3.4 The Cohesin Complex and Human Disease 

1.3.4.1 Cohesin Mutations in Cohesinopathies 

Cohesinopathies are a group of human syndromes related to the mutations in protein 

components of cohesin (McNairn & Gerton, 2008; Remeseiro & Losada, 2013). A 

number of cohesinopathies have been identified; these include Cornelia de Lange 

syndrome (CdLS), Roberts syndrome (RBS)/SC Phocomelia, and Warsaw Breakage 

Syndrome (WABS) (McNairn & Gerton, 2008; van der Lelij et al., 2010; Shen, 2011; Pfau 

& Amon, 2012; Remeseiro & Losada, 2013).  

1.3.4.1.1 Cornelia de Lange Syndrome 

CdLS occurs in 1 in 10, 000 live births and is caused by mutations in either Scc2/NIPBL, 

Smc1A, Smc3, HDAC8, or Rad21 (Krantz et al., 2004; Tonkin et al., 2004; Musio et al., 

2006; Deardoff et al., 2007, 2012b; Shen, 2011; Pfau & Amon, 2012); Kaiser et al., 2014). 

It is a dominantly inherited disorder which is characterised by both physical and mental 

developmental anomalies, including low birth weight, craniofacial and upper limb 

abnormalities, and mental retardation (Gillis et al., 2004). CdLS phenotypes range from 

mild to severe forms (Mannini et al., 2013). 

Despite being sensitive to DNA damage, cells from CdLS patients do not have cohesion 

defects (Dorsett & Strom, 2012). Mice partially deficient for NIPBL recapitulate several 

features of CdLS, and microarray analysis revealed transcriptional alterations in many 

genes (Kawauchi et al., 2009). Mice lacking Pds5A and Pds5B die prenatally and show 

developmental defects that resemble CdLS pathology (Zhang et al., 2009; Zhang et al., 

2007). The severity of CdLS depends on the specific cohesin component that is mutated. 

Mutations in Scc2 have dramatic phenotypes whereas mutations in either Smc1 or Smc3 

have milder physical and mental retardation phenotypes (Deardorff et al., 2007). 

1.3.4.1.2 Roberts Syndrome/SC Phocomelia 

RBS/SC Phocomelia is a rare autosomal recessive disorder caused by mutations in Esco2 

and is characterised by pre- and post-natal growth deficiency, long bone abnormalities,   
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cleft lip, craniofacial abnormalities, mental retardation, and heterochromatic-specific 

chromatid repulsion, especially in the pericentromeric regions (Vega et al., 2005; Schule 

et al., 2005; Horsfield et al., 2012). Cells from RBS patients display railroad track-like 

mitotic chromosome appearance (separated sister chromatids), suggesting cohesion 

defects (Vega et al., 2005). In mice, Esco2 deficiency results in embryonic lethality 

(Whelan et al., 2012). Studies in Zebrafish models of RBS in which Esco2 was depleted 

reported decreased cell proliferation and increased apoptosis during development 

(Mönnich et al., 2011).   

1.3.4.1.3 Warsaw Breakage Syndrome 

Warsaw Breakage Syndrome (WABS) is caused by mutations in the gene encoding 

ChlR1/Ddx1 and has similar cellular and clinical features as RBS, including pre- and post-

natal growth deficiency and mental retardation (van der Lelij et al., 2010). ChlR1/Ddx1 

is a DNA helicase required for sister chromatid cohesion in yeast and mammalian cells 

(van der Lelij et al., 2010). WABS cells have defective sister chromatid cohesion, 

displaying ‘‘railroad tracks’’ conformations (Bharti et al., 2014).  

1.3.4.2 Cohesin Mutations in Cancer 

Components of the cohesin complex are often mutated in human cancers (Solomon et 

al., 2014). These mutations occur both in the cohesin core subunits and cohesin 

regulatory proteins. Heterozygous somatic missense mutations in genes encoding 

Smc1A, Smc3, Scc2/NIPBL, and SA3/STAG3 have been reported in colon cancer (2-6 %) 

(Barber et al., 2008). Cells from patients with chronic myelomonocytic leukaemia (CML) 

and acute myeloid leukaemia (AML) are characterised by individual deletions of Rad21 

and STAG2, respectively (Rocquain et al., 2010). STAG1 mutations have also been 

described in AML. Mutations in STAG2 have also been reported in cell lines and primary 

tumours from glioblastoma Multiforme (GBM), Ewing Sarcoma, Melanoma, Cervical 

Carcinoma, and Haematological cancer (15-20 %) (Solomon et al., 2011). Frequent 

frameshift mutations in Pds5B were reported in microsatellite-unstable gastric and 

colorectal adenocarcinoma (2 %) (Kim et al., 2013). Esco2 is upregulated in aggressive 

melanoma (Ryu et al., 2007).  
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1.4 Aims and Objectives 

SCC is mediated by a chromosome-associated protein complex called cohesin, which 

collaborates with a network of other proteins such as Pds5, Esco1, and Esco2 for the 

establishment, maintenance, and timely dissolution of cohesion to allow chromosome 

segregation at anaphase. 

Previous work in our lab has implicated Pds5 in DNA replication and studies from other 

labs have shown that both the Esco1 and Esco2 acetyltransferases are important for the 

establishment of sister chromatid cohesion after DNA replication through acetylation 

of Smc3. 

Although the manner in which cohesin mediates sister chromatid cohesion has been a 

subject of intense study, the regulation of this protein complex and the mechanistic 

consequences of cohesin posttranslational modifications such as acetylation are still 

poorly understood. The extent to which the loss of Pds5 and Smc3 acetylation affects 

DNA replication remains unclear. 

In this study, my aim was therefore to investigate the control of cohesin’s association 

and dissociation from chromatin during the cell cycle, characterise the Esco1 and Esco2 

proteins in the mammalian cell cycle, and investigate the role of Pds5 proteins 

specifically in DNA replication. 

1.4.1 Hypothesis  

Previous studies (unpublished) in our lab have implicated Pds5 proteins in DNA 

replication; siRNA-mediated depletion of either Pds5A or Pds5B in HeLa cells prolonged 

the time cells completed S-phase. Studies from other labs have also implicated cohesin 

acetylation in DNA replication in mammalian cells, although in Xenopus egg extracts, 

acetylation has been found to have no effect on DNA replication. Based on the 

preliminary studies on Pds5 conducted in our lab and studies on Esco1 and Esco2 from 

other labs, my hypothesis was that Pds5, Esco1, and Esco2 proteins are required for 

normal DNA replication.   
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Chapter 2 - Materials and Methods 

2.1 Materials 

2.1.1 General Chemicals and Reagents 

Table 2-1 Chemicals and Reagents 

Reagent  Supplier  

5-Bromo-2’-deoxyuridine (BrdU) Calbiochem.  

5-Chloro-2’-deoxyuridine (CIdU) Sigma.  

5- Iodo-2’-deoxyuridine (IdU) Sigma.  

Acetic acid Fisher.  

Ammonium persulphate (APS)  Fisher. 

Aphidicolin Sigma. 

Bortezomib (PS-341) Viva Bioscience.  

Bovine Serum Albumin (BSA) 
Santa Cruz Biotechnology, 
Inc. 

Cell Dissociation Medium (1X) Sigma.  

Citric acid Fisher.  

Colloidal Coomassie Instant Blue stain Expedeon.   

Ethylene Glycol Tetraacetic acid (EGTA) Fisher. 

Ethylenediaminetetraacetic acid (EDTA) Fisher. 

EZ-ECL Chemiluminescence detection kit Geneflow.  

Foetal Bovine Serum (FBS) Gibco.  

Formaldehyde solution Sigma.  

Glycerol  Fisher.  

Glycine  Fisher.  

HEPES Fisher. 

Hoechst 33342 dye Sigma.  

Hydrochloric acid  Fisher.  

Interferin siRNA Transfection Reagent  Polyplus.  

Magnesium Chloride Fisher.  

Methanol  Fisher.  

Micrococcol Nuclease (from Staphylococcus aureus) Sigma. 

Nitrocellulose Supported Transfer Membrane 
Santa Cruz Biotechnology, 
Inc.  

Nocodazole  Sigma.  

NP-40 MP Biomedicals.  

n-Propyl gallate Sigma.  

Penicillin/Streptomycin (x10) PAA Laboratories. 

Poly-L-Lysine Sigma.  

Potassium Chloride Fisher.  

Potassium Ferricyanide  Acros Organics. 
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Potassium Ferrocyanide Acros Organics. 

Propidium Iodide Sigma.  

Protease inhibitors (Aprotinin, Leupeptin, Pepstatin)  Sigma.  

Protease inhibitors (PMSF)  Bio Basic. 

Protein A sepharose Beads  Sigma. 

Protogel (30 % acrylamide/ 0.8 % bis-acrylamide) Geneflow. 

Ribonuclease (DNase free) Sigma. 

Ribonuclease A (RNAse A) Sigma.  

siRNA Transfection Medium  
Santa Cruz Biotechnology 
Inc.  

Sodium Azide  Sigma.  

Sodium Bicarbonate Solution Gibco. 

Sodium Chloride Fisher.  

Sodium deoxycholate Sigma.  

Sodium Dodecyl Sulphate (SDS) Melford.  

Sodium Fluoride  Fisons.  

Sodium Orthovanadate  Acros Organics. 

Sodium pyrophosphate  Acros Organics.  

Spectra Multicolour Broad Range Protein Ladder ThermoScientific. 

Staurosporine  Sigma.  

Sucrose  Melford.  

Taxol Sigma. 

Tetramethylethylenediamine (TEMED) Fisher.  

Tris-base  Fisher.  

Triton X-100 Sigma.  

Tween 20 Fisher. 

UltraCruzTM Autoradiography (X-ray) films 
Santa Cruz Biotechnology, 
Inc.  

Vectorshield Mounting Medium Vector Laboratories.  

β-Glycerophosphate Sigma.  

β-Mercaptoethanol Acros Organics.  
 

Unless otherwise stated, all other chemicals and reagents were of analytical grade and 

purchased from either Sigma or Fisher.  

2.1.2 Oligonucleotides  

2.1.2.1 RNAi Oligonucleotides 

The ON-TARGETplus SMARTpool set of four oligonucleotides for Pds5A, Pds5B, Wapl, 

Esco1, Esco2, and Sororin were purchased from Dharmacon. Sense strand sequences of 

the siRNA duplexes are shown in Table 2.2.    
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Table 2-2 siRNA Oligonucleotides 

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’-UGAUAAAGAUGUUCGCUUA-3’ 

Human Pds5B #3 5’-GCAUAGUGAUGGAGACUUG-3’ 

Human Pds5B #4 5’-GGUCAAUGAUCACUUACUU-3’ 

Human Wapl #1 5’-GGAGUAUAGUGCUCGGAAU-3’ 

Human Wapl #2 5’-GAGAGAUGUUUACGAGUUU-3’ 

Human Wapl #3 5’-CAAACAGUGAAUCGAGUAA-3’ 

Human Wapl #4 5’-CCAAAGAUACACGGGAUUA-3’ 

Human Esco1 #1 5’-GGAAAGAGCAAACGAGGUA-3’ 

Human Esco1 #2 5’-GGACAGAAUAGCACGUAAA-3’ 

Human Esco1 #3 5’-CUAGAAGAGACGAAACGAA-3’ 

Human Esco1 #4 5’-GGACAAAGCUACAUGAUAG-3’ 

Human Esco2 #1 5’-CGAGUGAUCUAUAAGCCAA-3’ 

Human Esco2 #2 5’-GAGAGUAGUUGGGUGUUUA-3’ 

Human Esco2 #3 5’-GUUGAUACCCUCAGGAAUU-3’ 

Human Esco2 #4 5’-CAUCGACGCUGGUCAGAAA-3’ 

Human Sororin #1 5’-UCUAAGAAAGUCAGGCGUU-3’ 

Human Sororin #2 5’-CCUGAAAUCUGGCCGAAGA-3’ 

Human Sororin #3 5’-CAGAAAGCCCAUCGUCUUA-3’ 

Human Sororin #4 5’-CGGAGGUCCCAGCGGAAAU-3’  

ON-TARGETplus non-targeting siRNA 5’-UAGCGACUAAACACAUCAA-3’ 

2.1.3 Antibodies 

Table 2-3 Primary Antibodies 

Antibody  Catalog No.  Supplier  
Dilution 
used  

Technique  

Rabbit Anti-
Pds5A 

A300-089A 
Bethyl 
Laboratories, 
Inc.  

1:5000 
1:200 

Western Blot. 
Immunofluorescence.  

Rabbit Anti-
Pds5B 

A300-537A 
Bethyl 
laboratories, 
Inc. 

1:2000 
1:200 

Western Blot. 
Immunofluorescence. 

Mouse 
Anti-Wapl 

sc-365189 
Santa Cruz 
Biotechnology, 
Inc.  

1:1000 
1:200 

Western Blot. 
Immunofluorescence. 

Rabbit Anti-
Esco1 

ab180100 Abcam.  
1:1000 
1:200 

Western Blot. 
Immunofluorescence. 
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Rabbit Anti-
Esco2 

NB100-87021 
Novus 
Biologicals.  

1:2000 
1:200 

Western Blot. 
Immunofluorescence. 

Mouse 
Anti-Sororin 

H00113130-
B01P 

Abnova. 
1:500 
1:50 

Western Blot. 
Immunofluorescence. 

Mouse 
Anti-Sgo1 

AB58023 Abcam. 
1:1000 
1:200 

Western Blot. 
Immunofluorescence. 

Goat Anti-
Smc1 

sc-21078 
Santa Cruz 
Biotechnology, 
Inc. 

1:2000 Western Blot. 

Rabbit Anti- 
Smc3 

ab128919 Abcam.  
1:1000 
1:200 

Western Blot. 
Immunofluorescence. 

Rabbit Anti-
Ac-Smc3 

PD040 
MBL 
International 
Corporation. 

1:1000 
1:200 

Western Blot. 
Immunofluorescence. 

Mouse 
Anti-Scc1 

K0202-3 
MBL 
International 
Corporation. 

1:1000 Western Blot. 

Rabbit Anti-
p53 

sc-6243 
Santa Cruz 
Biotechnology, 
Inc. 

1:1000 Western Blot. 

Rabbit Anti-
p21 

ab109520 Abcam. 1:1000 Western Blot. 

Rabbit Anti-
p16 

ab108349 Abcam. 1:1000 Western Blot. 

Mouse 
Anti-
Caspase 3 

9668 Cell Signalling  1:1000 Western Blot. 

Rabbit Anti-
Cleaved 
Caspase 3 

9664 Cell Signalling 1:1000 Western Blot. 

Rabbit Anti-
Caspase 9 

 9502 Cell Signalling 1:1000 Western Blot. 

Rabbit Anti-
Parp 

11835238001 
Roche Life 
Science 

1:1000 Western Blot. 

Rabbit Anti-
Cyclin B1 

4138 Cell Signalling 1:1000 Western Blot. 

Rabbit Anti-
Histone H3 

4499 Cell Signalling  1:2000 Western Blot. 

Rabbit Anti-
phospho-
Histone H3 

9706 Cell Signalling 1:2000 Western Blot. 

Mouse 

Anti--
Tubulin 

sc-23948 
Santa Cruz 
Biotechnology, 
Inc.  

1:2000 
1:400 

Western Blot. 
Immunofluorescence. 
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Rabbit Anti-

-Tubulin 
T3559 Sigma 

1:4000 
1:500 

Western Blot. 
Immunofluorescence. 

Goat Anti-
Lamin A+C 

6215 
Santa Cruz 
Biotechnology, 
Inc. 

1:5000 Western Blot. 

Mouse 
Anti-BrdU 

347580 BD Biosciences 
1:100 
1:50 

BrdU Incorporation.  
DNA Single Fibre. 

Fitc-Rat-
anti-BrdU 

ab74545 Abcam  1:100 DNA Single Fibre. 

Human 
Anti- 
Centromere 

2786 Cell Signalling 1:200 Immunofluorescence.  

Mouse 
Anti-
Cytokeratin 
18 

12140322001 
Roche Life 
Science 

1:10 Immunofluorescence.  

 

Table 2-4 Antibody Binding Sites 

Antibody  Clonality  
Molecular 
weight (kDa) 

Target Region 

Rabbit Anti-
Pds5A 

Polyclonal  151 
Between a.a 1250 and the C-
terminus (residue 1297). 

Rabbit Anti-
Pds5B 

Polyclonal 165 
Between a.a 1400 and the C-
terminus (residue 1447). 

Mouse Anti-
Wapl 

Polyclonal 140 
Between a.a 1-300 (N-
terminus). 

Rabbit Anti-
Esco1 

Polyclonal 95 
Between a.a 661 and 687 (C-
terminus). 

Rabbit Anti-
Esco2 

Polyclonal 68 Between a.a 200 and 250. 

Mouse Anti-
Sororin 

Polyclonal 37 Full length.  

Mouse Anti-
Sgo1 

Monoclonal  58 Between a.a 1 and 293. 

Goat Anti-
Smc1 

Polyclonal 
=155 

=150 
Near the C-terminus. 

Rabbit Anti- 
Smc3 

Monoclonal  141 
Between a.a 1163 and 1188 (C-
terminus). 

Rabbit Anti-
Ac-Smc3 

Polyclonal 141 Lysine residues (K112/113). 

Mouse Anti-
Scc1 

Monoclonal  120 
C-terminus fragment (544-631 
a.a). 

Rabbit Anti-
p53 

Polyclonal  53 
Between a.a 1 and 393 (C-
terminus).  
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Rabbit Anti-
p21 

Monoclonal 21 Between a.a 1 and 100.  

Rabbit Anti-
p16 

Monoclonal 16 
Between a.a 100 and the C-
terminus.  

Mouse Anti-
Caspase 3 

Monoclonal 35 Between a.a 28 and 44. 

Rabbit Anti-
Cleaved 
Caspase 3 

Monoclonal 19 
Amino terminal residues 
adjacent to Asp175.  

Rabbit Anti-
Caspase 9 

Polyclonal  47 Full length. 

Rabbit Anti-
Parp 

Polyclonal  113 Full length.  

Rabbit Anti-
Cyclin B1 

Polyclonal  55 Full length.  

Rabbit Anti-
Histone H3 

Monoclonal  15 C-terminus.  

Rabbit Anti-
phospho-
Histone H3 

Monoclonal  15 
Phosphorylated Serine residue 
10 (Ser10).  

Mouse Anti--
Tubulin 

Monoclonal  55 N-terminus.  

Rabbit Anti--
Tubulin 

Monoclonal  48 Between a.a 433 and 451. 

Goat Anti-
Lamin A+C 

Polyclonal  
A=69 
C=62 

N-terminus.  

Mouse Anti-
BrdU 

Monoclonal  - 

BrdU incorporated in single 
stranded DNA, free BrdU, BrdU 
coupled to a protein carrier, and 
Iodouridine.  

Fitc-Rat-anti-
BrdU 

Monoclonal  - 

BrdU incorporated into single 
stranded DNA, BrdU attached to 
a protein carrier, free BrdU, 
nucleated cells in S-phase which 
have had BrdU incorporated in 
their DNA.  

Human Anti- 
Centromere 

Polyclonal  135 Full length.  

Mouse Anti-
Cytokeratin 18 

Monoclonal  48 
Specific Caspase-cleaved site 
within Cytokeratin 18.  
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Table 2-5 Secondary Antibodies 

Antibody  
Catalog 
No.  

Supplier  Dilution  Technique  

HRP-Goat Anti-
Rabbit IgG 

115-035-
144 

Jackson 
ImmunoResearch 
Laboratories, Inc. 

1:5000 Western Blot 

HRP-Donkey-
Anti-Goat IgG 

705-035-
147 

Jackson 
ImmunoResearch 
Laboratories, Inc. 

1:5000 Western Blot 

HRP-Goat Anti-
Mouse IgG 

115-035-
146 

Jackson 
ImmunoResearch 
Laboratories, Inc. 

1:1000 Western Blot 

Goat Anti-
Mouse 
Alexa Fluor 
488 

A11001 Life Technologies 1:1000 Immunofluorescence 

Goat Anti-
Mouse 
Alexa Fluor 
594 

A11005 Invitrogen 1:1000 Immunofluorescence 

Goat Anti-
Rabbit 
Alexa Fluor 
488 

A11008 Invitrogen 1:1000 Immunofluorescence 

Goat Anti-
Rabbit  
Alexa Fluor 
594 

A11012 Invitrogen 1:1000 Immunofluorescence 

Goat Anti-
Human Alexa 
Fluor 594 

A11014 Invitrogen 1:1000 Immunofluorescence  

Sheep Anti-
Mouse Cy3 

C2181-
1ML 

Sigma 1:500 Immunofluorescence  

 

2.1.4 Cell Lines 

HeLa (Henrietta Lacks) cells (a human epithelial cell line derived from a cervical 

carcinoma) were originally purchased from BioWhittaker. EJ p53 cell line (a human 

bladder carcinoma), with a tetracycline (TET)-regulated p53, was provided by Dr 

Salvador Macip’s lab (University of Leicester). RPE1 (retinal pigment epithelial) cells (a 

human epithelial cell line derived from the retina) were provided by Professor Andrew 

Fry’s lab (University of Leicester).   
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2.1.5 Media 

Table 2-6 Cell Culture Media 

Media  Supplier  

Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma  

Dulbecco’s Modified Eagle’s Medium/ F-12 +L-Glutamine, 
+ 15 mM HEPES 

Gibco  

Dulbecco’s Phosphate Buffered Saline (1X) without 
Ca2+/Mg2+ (PBS) 

Sigma  

 

Table 2-7 Cell Culture Media Recipe per Cell Line 

Cell Line Media Recipe 

HeLa Cells 
500 ml Dulbecco’s Modified Eagle’s Medium 
(DMEM), 10 % v/v Foetal Bovine Serum (FBS),  1 % 
v/v Penicillin/Streptomycin (Pen/Strep).  

RPE1 Cells 

500 ml Dulbecco’s Modified Eagle’s Medium/ F-12 
+L-Glutamine, + 15 mM HEPES, 10 % v/v Foetal 
Bovine Serum (FBS), 1 % v/v 
Penicillin/Streptomycin (Pen/Strep), 0.25 % v/v 
NaHCO3. 

EJ p53+ Cells 

500 ml Dulbecco’s Modified Eagle’s Medium 
(DMEM), 10 % v/v Foetal Bovine Serum (FBS), 1 % 
v/v Penicillin/Streptomycin (Pen/Strep), 1.5 µg/ml 
Tetracycline. 

EJ p53- Cells  
500 ml Dulbecco’s Modified Eagle’s Medium 
(DMEM), 10 % v/v Foetal Bovine Serum (FBS),  1 % 
v/v Penicillin/Streptomycin (Pen/Strep). 

All Cell Culture Media were stored at 4 °C and warmed at 37 °C before use. 
 

2.1.6 Buffers and Solutions 

Table 2-8 Cell Lysis Buffers used for Protein Extraction 

Buffer  Composition  

Radio-Immunoprecipitation Assay (RIPA) 
Buffer 

0.01 M Tris-HCl pH 8.0, 0.15 M NaCl, 2 
mM EDTA, 0.1 mM Sodium 
Orthovanadate, 0.1 % w/v Sodium 
Dodecyl Sulphate (SDS), 1 % v/v NP-40, 
0.5 % w/v Sodium deoxycholate, 50 mM 
Sodium Fluoride (NaF), 30 mM Sodium 
pyrophosphate and protease inhibitors 
(1 mM PMSF, 10 µg/ml Leupeptin, 10 
µg/ml Aprotinin, 10 µg/ml Pepstatin). 
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Lysis Buffer A (LBA) 

0.01 M Tris-HCl pH 7.4, 0.05 M NaCl, 5 
mM EDTA, 0.1 mM Sodium 
Orthovanadate, 30 mM Sodium 
pyrophosphate, 50 mM NaF, 1 % v/v NP-
40, 0.1 % w/v BSA and protease 
inhibitors (1 mM PMSF, 10 μg/ml  
Leupeptin, 10 μg/ml Aprotinin, 10 μg/ml 
Pepstatin). 

Lysis-Buffer B (LBB) 

20 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 
mM MgCl2, 0.2 % v/v NP-40, 10 % v/v 
Glycerol, 1 mM Sodium Fluoride (NaF), 1 
mM Sodium Orthovanadate (Na3VO4), 20 
mM β-Glycerophosphate, 10 mM β-
Mercaptoethanol, 1% v/v Triton X-100, 
and protease inhibitors (1 mM PMSF, 1 
µg/ml Leupeptin, 1 µg/ml Aprotinin, 1 
µg/ml Pepstatin). 

Chromatin Extraction Buffer- Buffer C 
(LBC) 

10 mM Tris-HCl pH7.5, 1 mM CaCl2, 1.5 
mM MgCl2, 0.25 M Sucrose, and 0.008 
U/µl Micrococcal Nuclease.  

 

Table 2-9 Solutions and Buffers used for Western Blot 

Buffer   Gel % 

Resolving Gel 
(20 ml) 

Components (ml) 6 7 8 10 12.5 15 

H2O 8.23 7.56 6.9 5.6 4.2 2.2 

Protogel 4 4.67 5.34 6.67 8 10 

Tris- HCl pH 8.8 7.5 7.5 7.5 7.5 7.5 7.5 

10 % SDS 0.1 0.1 0.1 0.1 0.1 0.1 

10 % APS 0.150 0.150 0.150 0.150 0.150 0.150 

Temed 0.020 0.020 0.020 0.020 0.020 0.020 

Stacking 
Gel (3 %) (10 
ml) 

Components ml 

 

H2O 7.0 

Protogel 1.6 

Tris- HCl pH 6.8 1.2 

10 % SDS 0.1 

10 % APS 0.075 

Temed 0.012 

1X SDS PAGE 
Running Buffer 

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

SDS-PAGE 
Transfer Buffer 

25 mM Tris-HCl, 192 mM Glycine, 20 % Methanol. 

1X Tris-Saline 
Tween 20 
(TST) 

0.01 M Tris-HCl pH 7.4, 0.15 M NaCl, 0.1 % v/v Tween 20.  
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Blocking Buffer 
5 % w/v Milk (Marvel) in TST Buffer or 5 % w/v BSA/ 0.1 % v/v 
Tween 20/ sterile Ca2+/Mg2+-free PBS. 

 

Table 2-10 Buffers used for Immunofluorescence 

Buffer  Composition  

Triton X-100-containing Buffer 0.5 % v/v Triton-X100, 20 mM HEPES pH 
7.4, 3 mM MgCl2, 50 mM NaCl, 300 mM 
Sucrose. 

Mounting Medium Glycerol 9 ml, 1 M Tris-HCl (pH8.0) 1 ml, 
and n-propyl gallate 0.05 g.  

 

Table 2-11 Solutions used for Fixing Cells for Immunofluorescence 

Antibody  
Fixative solution (Formaldehyde= 3.7 % 
v/v, Methanol= 100 % ) 

Rabbit Anti-Pds5A Formaldehyde. 

Rabbit Anti-Pds5B Formaldehyde. 

Mouse Anti-Wapl Formaldehyde. 

Rabbit Anti-Esco1 Methanol. 

Rabbit Anti-Esco2 Methanol. 

Mouse Anti-Sororin Formaldehyde. 

Mouse Anti-Sgo1 Formaldehyde. 

Rabbit Anti- Smc3 Methanol. 

Rabbit Anti-Ac-Smc3 Methanol. 

Mouse Anti-BrdU Methanol. 

Mouse Anti-Cytokeratin 18 Methanol. 

Human Anti-Centromere Methanol: Acetic acid (3:1 v/v). 

Mouse Anti--Tubulin Methanol. 

Rabbit Anti--Tubulin Methanol. 
 

Table 2-12 Blocking Buffers used for Immunofluorescence Techniques  

Technique  Blocking Buffer Composition 

Immunofluorescence microscopy 5 % w/v BSA/ sterile Ca2+/Mg2+-free PBS. 

BrdU Incorporation Assay 
5 % w/v BSA/ 0.1 % (v/v) Tween 20/ 
sterile Ca2+/Mg2+-free PBS. 

DNA Single Fibre Assay 5 % w/v BSA/ sterile Ca2+/Mg2+-free PBS. 

Chromosome Spread Preparation  
5 % w/v BSA/ 0.1 % (v/v) Tween 20/ 
sterile Ca2+/Mg2+-free PBS. 
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Table 2-13 Solution used for Fluorescence-Activated Cell Sorting (FACS) 

Solution  Solution Composition  

Stain Solution 
9.5 ml of 1X PBS, 0.5 ml of 10 µg/ml 
RNase solution, and 200 µl of 0.02 µg/ml 
PI solution. 

 

Table 2-14 Solution used for Fixing Chromosome Spreads 

Solution  Components  

Carnoy’s Solution  
75 % v/v Methanol 
25 % v/v Acetic Acid. 

 

Table 2-15 Solutions used for Senescence-associated Endogenous -Galactosidase 
Activity 

Solution Components  

X-gal Solution  

1 mg/ml X-gal in Dimethylformamide 
solution, 40 mM Citric acid/Sodium 
phosphate solution pH 6.0, 5 mM 
Potassium Ferrocyanide, 5 mM 
Potassium Ferricyanide, 150 mM Sodium 
Chloride, 2 mM Magnesium Chloride, 
and 11.5 ml of Water. 

 

Table 2-16 Solution used for Lysing Cells for DNA Single Fibre Analysis 

Solution  Components  

DNA Fibre Lysis Solution  
50 mM EDTA, 0.5 % w/v SDS, 200 mM 
Tris-HCl pH 7.5. 

 

Table 2-17 Buffers used for the Comet Assay 

Solution Components 

Lysis Buffer 
100 mM disodium EDTA, 2.5 M NaCl, 10 
mM Tris-HCl pH 10.0, 1 % (v/v ) TritonX-
100. 

Electrophoresis Buffer 
300 mM NaOH, 1 mM disodium EDTA pH 
13. 0. 

Neutralisation Buffer  0.4 M Tris-HCl pH 7.5 

PI Solution 50 µl of 1 mg/ml PI and 20 ml ddH2O 

Agarose, Normal Melting Point 1 % Agarose (w/v) in H2O 

Agarose, Low Melting Point 0.6 % Agarose (w/v) in PBS  
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Table 2-18 Nucleoside Analogs used for Labelling DNA 

Analog  Final Concentration  

5-Bromo-2’-deoxyuridine (BrdU)  1 µM 

5-Chloro-2’-deoxyuridine (CIdU) 250 µM 

5- Iodo-2’-deoxyuridine (IdU) 25 µM 
 

2.1.7 Drugs  

Table 2-19 Drugs used for Cellular response Induction and Synchronisation 

Drug  Final Concentration  Treatment Duration 

Aphidicolin 5 µg/ml 24 h 

Bortezomib (PS-341) 20 nM 30 min, then 24 h 

Cisplatin 10 µM 6 h 

Nocodazole 1 µg/ml 24 h 

Staurosporine 1 µM 6 h 

Taxol 1 µg/ml 24 h 
 

2.1.8 Software 

Table 2-20 Specialised Software used for Data Analysis 

Software Version Application  

Adobe Photoshop CS5 Immunofluorescence  

ImageJ (IJ 1.49) DNA replication 

FlowJo (10.0.6) Flow Cytometry  

GraphPad Prism 6 Statistical data analysis 

Komet 5.0 Comet assay 
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2.2 Methods 

2.2.1 Cell Biology Techniques 

2.2.1.1 Cell Culture 

2.2.1.1.1 Culturing and Passaging HeLa Cells 

HeLa cells were cultured in a monolayer in DMEM supplemented with 10 % v/v foetal 

bovine serum (FBS) and 1% v/v penicillin/ streptomycin solution (100 IU/ml and 100 

μg/ml respectively) at 37 °C in a humidified incubator containing 5 % CO2. Cells were 

passaged when they were 70-90 % confluent by removing the medium and washing 

three times with 5 ml of 1X PBS, followed by the addition of 2 ml Cell Dissociation 

Medium and incubation for 30 min at 37 °C. After incubation, 8 ml complete DMEM was 

added and the cells dissociated by gently pipetting the cell suspension before 2.5 ml of 

the cell suspension was added to new tissue culture plates containing 10 ml complete 

DMEM.  

2.2.1.1.2 Culturing and Passaging RPE1 Cells 

As described for HeLa cells except DMEM/F-12 supplemented with 0.25 % v/v NaHCO3, 

10 % v/v FBS, and 1% v/v penicillin/ streptomycin (100 IU/ml and 100 μg/ml 

respectively) was used. 

2.2.1.1.3 Culturing and Passaging EJ p53 Cells 

EJ p53 cells, with a tetracycline (TET)-regulated p53 (provided by Dr Salvador Macip, 

University of Leicester), were cultured at 37 °C in a humidified incubator containing 5 % 

CO2 in monolayer in DMEM containing 10 % v/v FBS and 1% v/v penicillin/ streptomycin 

solution (100 IU/ml and 100 μg/ml respectively). To repress the expression of p53, the 

growth medium was supplemented with 1.5 μg/ml tetracycline (EJ p53+). To induce the 

expression of p53, EJ p53+ cells were washed three times with 5ml of 1X PBS and 

cultured in medium lacking tetracycline (EJ p53-) for a minimum of seven days. Cells 

were passaged when they were 70-90 % confluent by removing the medium and 

washing three times with 5 ml of 1X PBS, followed by the addition of 2 ml Cell   
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Dissociation Medium and incubation for 30 min at 37 °C. After incubation, 8 ml 

complete DMEM (with or without tetracycline) was added and the cells dissociated by 

gently pipetting up and down before 2.5 ml of cell suspension was added to new tissue 

culture plates containing 10 ml complete DMEM or DMEM supplemented with 

tetracycline.   

2.2.1.1.4 Cell Synchronisation  

Cells were synchronised at the G1/S boundary and at M-phase for 24 h by treatment of 

an asynchronous population of HeLa cells with Aphidicolin (5 μg/ml) and 

Taxol/Nocodazole (1 μg/ml), respectively. Asynchronous and Aphidicolin-treated cells 

were collected by washing cells three times with 1X PBS and incubation with 2 ml Cell 

Dissociation Medium for 30 min while mitotic cells (Taxol/ Nocodazole-treated) were 

harvested by mitotic shake-off. 

2.2.1.1.5 Coverslip Preparation 

Coverslips were rinsed three times in deionised water and incubated for 30 min in 1 M 

HCl. After rinsing in water, the coverslips were washed in 100 % ethanol before they 

were separated with gloved hands and air-dried at RT. They were sealed in a glass 

beaker and baked at 250 °C for 30 min and stored in sterile tissue culture plates until 

required.   

2.2.1.1.6 Attaching Cells to Polylysine-coated Coverslips 

Coverslips were immersed in polylysine solution (1 mg/ml) in one well of a six-well plate 

and the plate rocked gently for 30 s. After removing them from the polylysine solution 

with a pair of forceps, coverslips were rinsed in sterile water and dried with a paper 

towel before they were put in a new six-well plate. In the tissue culture the cell 

suspension was titrated onto the polylysine-coated coverslips and incubated for at least 

30 min in a CO2 incubator before cell fixation. 
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2.2.1.1.7 Cell Treatment with Bortezomib (PS-341) 

After synchronising cells for 24 h with Aphidicolin (5 µg/ml), the medium was aspirated 

and replaced with complete DMEM containing Aphidicolin (5 µg/ml) and Bortezomib 

(20 nM). Cells were incubated for 30 min in the humidified incubator containing 5 % CO2 

and then washed three times with X1 PBS and released into new complete DMEM 

containing Bortezomib (20 nM) only. Cells were incubated as before and samples were 

collected at time points after release from the Aphidicolin (5 µg/ml) block and lysed in 

RIPA Buffer to prepare total lysates for Western blotting.  

2.2.1.1.8 siRNA Transfection (Six-well Plate) 

After adding 200 μl of the siRNA Transfection Medium to RNAse-free eppendorf tubes 

the siRNA oligonucleotides (5-50 nM) were added and immediately vortexed for 10 s, 

followed by the addition of 8 μl of Interferin. The tubes were vortexed as before. Where 

a double transfection was used 16 μl of Interferin was used. After incubating the tubes 

for 30 min in the tissue culture hood the DMEM was removed from the cells and 

replaced with 2 ml fresh complete DMEM. The siRNA mixture was then added drop-

wise to the cells and the tissue culture plate rocked gently, before incubating for 48 h 

in a CO2 incubator.   

2.2.1.1.9 HeLa Cell Cycle Time Course 

HeLa cells were seeded overnight and blocked at G1/S with Aphidicolin (5 g/ml) for 24 

h. After washing three times with 1X PBS, the cells were released into fresh complete 

DMEM without Aphidicolin (5 g/ml) and incubated at 37 C in a CO2 incubator. Samples 

were collected at a number of time points after release from the G1/S block and lysed 

in either RIPA Buffer to prepare total cell lysates, in Cell Lysis Buffer-B (LBB) to prepare 

soluble and chromatin fractions for Western Blot, or fixed in 70 % ethanol (-20 C) for 

FACS analysis. 

2.2.1.2 Freezing cells 

Cells were seeded in a 10 cm plate for 48 h and when they were 80- 90 % confluent they 

were washed three times and incubated for 30 min with 2 ml of Cell Dissociation   
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Medium. After incubation, 5 ml of 1X PBS was added and the cells resuspended gently 

by pipetting up and down. The cell suspension was centrifuged at 1100 rpm for 5 min 

at RT. After discarding the supernatant, 1.5 ml of Cell Freezing Medium was added to 

the pellet and cells gently pipetted up and down. The cell suspension was then 

transferred to a cryovial and placed on ice for 10 min. The tube was then placed in 

Isopropanol and left overnight at –80 °C after which it was transferred to liquid nitrogen.  

2.2.1.3 Preparation of New Cell Stock from Liquid Nitrogen 

To a new stock of frozen cells 1 ml of DMEM without FBS and Pen/Strep was added and 

cells resuspended in 10 ml of DMEM without FBS and Pen/Strep. After centrifugation, 

the cell pellet was resuspended in 2 ml of DMEM supplemented with 20 % v/v FBS and 

1 % v/v Pen/Strep. The cell suspension was added to 10 ml DMEM containing 20 % v/v 

FBS and 1 % v/v Pen/Strep and cultured at 37 C in the tissue culture incubator 

containing 5 % CO2. 

2.2.1.4 Fluorescence-activated Cell Sorting (FACS) 

Cells were fixed with ice-cold (- 20 °C) 70 %  v/v ethanol and stored at -20 C. Prior to 

analysis, the cells were centrifuged at 1100 rpm for 5 min at RT and resuspended in 

either 1X PBS or Propidium Iodide (PI) (0.02 µg/ml) staining solution and analysed using 

the NucleoCounter® NC-3000™ (Chemometec) or FACScan (Becton-Dickinson), 

respectively. Data was analysed using FlowJo (Version 10.0.6).  

2.2.1.5 Immunofluorescence  

Cells were seeded overnight on sterile glass coverslips in 6-well plates whereas mitotic 

cells were harvested by shake-off and attached to poly-L-lysine (1 mg/ml) coated 

coverslips for 30 min at 37 °C in a CO2 incubator. Cells were fixed with 3.7 % v/v 

formaldehyde at RT for 20 min followed by permeabilisation with 0.1 % v/v Triton X-100 

for 10 min. Alternatively, cells were fixed with ice-cold (-20 °C) methanol for 30 min at -

20 °C. For either fixation method, cells were sometimes pre-extracted using 0.5 % v/v 

Triton X-100 –containing buffer for 10 min at 4 °C before fixation. Cells were blocked 

with 5 % w/v BSA prior to staining with appropriate primary antibodies and either Alexa  
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Fluor 488 or 594-labelled secondary antibody. DNA was stained with Hoechst 33342 

(0.5 µM) for 5 min at RT. Coverslips were mounted onto glass slides using either n-propyl 

gallate or Vectorshield Mounting Medium and the edges sealed using clear nail vanish 

and stored in the dark at 4 °C until examined. Cells were visualised using a Nikon 

inverted fluorescence microscope (Nikon Eclipse TE 300 semi-automatic Microscope, 

Tokyo, Japan). Microscopic images were captured using Hamamatsu ORCA-R2 digital 

camera, 100 × Objective, NA 1.4, or 60 × Objective, NA 1.4, using Volocity software 

(Improvision) and further processed using Adobe Photoshop (Adobe Photoshop CS5).  

2.2.1.6 Preparation of Chromosome Spreads 

Cells were seeded overnight in six-well plates and treated with either Sororin, Esco1, or 

Esco2 siRNAs (50 nM) for 48 h before being blocked in M-phase with Nocodazole (1 

µg/ml) for 24 h. Mitotic cells were harvested by shake-off and incubated for 10 min at 

37 °C in 100 µl of hypotonic KCl (75 mM) pre-warmed to 37 C. Cells were centrifuged 

at 1000 rpm for 10 min and fixed with Carnoy’s solution (3:1 v/v Methanol: Acetic acid). 

After repeating the fixation step the pellet was resuspended in 100 μl of Carnoy’s 

solution and approximately 10 μl of the cell suspension was dropped onto glass slides 

held at an angle of 45  over a 37 C water bath to allow the suspension to roll across 

the slides. Slides were dried for 10 min and chromosome spreads blocked in a 

humidified chamber with 5 % w/v BSA/ 0.1 % v/v Tween 20/ PBS for 1 h prior to staining 

with a human anti-Centromere antibody and Alexa Fluor 594-labelled Goat anti-Human 

secondary antibody. DNA was stained with Hoechst 33342 (0.5 µM) for 5 min at RT and 

coverslips mounted onto glass slides using Vectorshield Mounting Medium. After 

sealing the edges of the coverslips with clear nail vanish, the chromosome spreads were 

visualised using a confocal microscope (Leica TCS SP5 Confocal Laser Scanning 

Microscope) and processed using Adobe Photoshop (Adobe Photoshop CS5), ImageJ (IJ 

1.49). Data was quantified using GraphPad Prism 6.   

2.2.1.7 BrdU Incorporation Assay 

Cells were seeded overnight in six-well plates and treated with either Esco1, Esco2, 

Pds5A, or Pds5B siRNAs for 48 h before being synchronised at G1/S with Aphidicolin (5 
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µg/ml) for 24 h. Cells were released from the Aphidicolin (5 µg/ml) block for 30 min and 

labelled with 5-Bromo-2’-deoxyuridine (BrdU) (1 µM) for 30 min in the tissue culture 

incubator before they were fixed with ice-cold (-20 °C) methanol for 5 min at -20 °C. 

Cells were hydrolysed with 2 M HCl/ 0.1 % v/v Tween 20/ PBS for 30 min at RT and 

blocked with 5 % w/v BSA/ 0.1 % v/v Tween 20/ PBS for 1 h prior to staining with a 

mouse anti-BrdU antibody and Alexa Fluor 488-labelled goat anti-mouse secondary 

antibody. DNA was stained with Hoechst 33342 (0.5 µM) for 5 min at RT and the 

coverslips mounted onto glass slides using Vectorshield Mounting Medium. After 

sealing the edges of the coverslips with clear nail vanish cells were visualised using a 

Nikon inverted fluorescence microscope (Nikon Eclipse TE 300 semi-automatic 

Microscope, Tokyo, Japan) and for every treatment at least 100 cells were counted in 

randomly selected fields and images captured using Hamamatsu ORCA-R2 digital 

camera, 100 × Objective, NA 1.4, or 60 × Objective, NA 1.4, using Volocity software 

(Improvision) and further processed using Adobe Photoshop (Adobe Photoshop CS5). 

Data was quantified using GraphPad Prism 6. 

2.2.1.8 DNA Single Fibre Assay 

Cells were seeded overnight in six-well plates and treated with either Esco1, Esco2, 

Pds5A, or Pds5B siRNAs for 48 h before being blocked at G1/S with Aphidicolin (5 µg/ml) 

for 24 h. Cells were released from the block and immediately labelled sequentially with 

Iododeoxyuridine (IdU, 25 µM) and Chlorodeoxyuridine (CldU, 250 µM) for 30 min each. 

After detaching the labelled cells with Cell Dissociation Medium, the cells were lysed on 

glass slides for 2 min using DNA Fibre Lysis Buffer. The slides were tilted at an angle of 

15 ° to allow the cell suspension to roll to the bottom of the slides. After air-drying glass 

slides, the DNA fibres were fixed with Carnoy’s solution (3:1 v/v Methanol: Acetic acid) 

for 10 min at RT and washed in distilled water before being hydrolysed with 2.5 M HCl 

for 80 min. After washing the slides in PBS for 5 min, the DNA fibres were blocked in a 

humidified chamber with 5 % w/v BSA/PBS for 1 h prior to staining with Fitc-conjugated 

Rat-anti-BrdU and mouse anti-BrdU antibodies and sheep anti-mouse Cy3 secondary 

antibody. After washing the slides in PBS for 5 min the coverslips were mounted onto 

glass slides using Vectorshield Mounting Medium and the edges sealed with clear nail 

vanish. The DNA fibres were visualised using a Nikon inverted fluorescence microscope 
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(Nikon Eclipse TE 300 semi-automatic Microscope, Tokyo, Japan) and images captured 

using Hamamatsu ORCA-R2 digital camera, 100 × Objective, NA 1.4, or 60 × Objective, 

NA 1.4, using Volocity software (Improvision) and further processed using Adobe 

Photoshop (Adobe Photoshop CS5). For each treatment, the lengths of 100 DNA fibres 

were measured using ImageJ (IJ 1.49) from randomly selected fields and data was 

quantified using GraphPad Prism 6.   

2.2.1.9 Senescence-associated Endogenous β-Galactosidase Activity 

Cells were washed three times with 1X PBS and fixed for 5 min with 3 % v/v 

Formaldehyde solution. After fixation, the cells were washed as before prior to staining 

with the X-Gal solution (Table 2. 15). Stained cells were incubated overnight at 37 C in 

an incubator without CO2 and visualised under a light microscope (Nikon Eclipse TS 100), 

using NIS-Elements F 3.0 software. For every treatment at least 100 cells were counted 

in randomly selected fields. Images were processed using Adobe Photoshop (Adobe 

Photoshop CS5) and data quantified using GraphPad Prism 6.  

2.2.2  Biochemical Techniques 

2.2.2.1 Preparation of Total Cell Lysates 

Asynchronous and Aphidicolin-treated HeLa cells were harvested by washing cells three 

times with 1X PBS and incubating with 2 ml Cell Dissociation Medium for 30 min. 

Following incubation, 5 ml of 1x PBS was added and the cells suspension was 

centrifuged at 1100 rpm for 5 min at room temperature (RT).  

Taxol or Nocodazole-arrested cells were harvested by mitotic shake-off and centrifuged 

at 1100 rpm for 5 min. The pellet was resuspended in 30 ml ice-cold 1x PBS and re-

centrifuged as described before. After discarding the supernatant, the cell pellet was 

resuspended in 500 μl RIPA Buffer and vortexed for 10 s. The lysate was kept on ice for 

30 min while vortexing every 10 min. The homogenate was centrifuged at 4 °C for 20 

min using the SS-34 Sorval rotor at 20 000 g or the Eppendorf Centrifuge 5417R at 14 

000 rpm. The supernatant was collected into pre-cooled eppendorf tubes and proteins 

stored at either -20 °C or -80 °C.   
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2.2.2.2 Preparation of Soluble and Chromatin-associated Proteins 

Harvested cells were washed with Dulbecco’s PBS and resuspended in 500 µl Cell Lysis 

Buffer B (LBB). The cell suspensions were frozen and thawed three times at -80 °C and 

clarified by centrifugation (Eppendorf 5417R) at 14 000 rpm at 4 °C for 20 min. The 

supernatants (soluble protein fractions) were transferred to fresh pre-cooled 1.5 ml 

Eppendorf tubes and stored at either -20 °C or -80 °C. The pellets were washed three 

times with 1 ml Chromatin Extraction buffer (LBC) at 14 000 rpm at 4 °C for 20 min and 

resuspended in 200 µl of LBC containing 5 units of micrococcal nuclease and 0.4 mM 

CaCl2. The pellet was incubated at 28 °C for 30 min with gentle mixing, then clarified by 

centrifugation at 14 000 rpm at 4 °C for 20 min and the supernatant was transferred to 

fresh pre-cooled 1.5 ml Eppendorf tubes (chromatin protein fraction). Both the soluble 

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

2.2.2.3 Protein Concentration Measurement 

Following protein extraction, the concentrations of the cell extracts were determined 

using the Bradford Assay (Bio-Rad) according to the manufacturer’s protocol. Sample 

absorbance was measured at 595 nm using Novaspec Plus spectrophotometer 

(Amersham Biosciences). Protein concentrations were normalised by dividing 

absorbance readings by the lowest reading and diluting the samples by each diluting 

factor.  

2.2.3 Molecular Biology Techniques 

2.2.3.1 SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used for 

the separation of proteins at 150V (Bio-Rad PowerPac 300). Normalised cell lysates 

containing 5 to 50 µg protein were combined in a 5: 1 ratio with 5X Laemmli sample 

buffer, heated at 100 °C for 5 min and then centrifuged for 10 s prior to SDS-PAGE on 

either 7%, 10% or 12.5% gels, alongside Spectra Multicolour Broad Range Protein 

Ladder (ThermoScientific). 
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2.2.3.2 Western Blotting 

Following SDS-PAGE the gel was soaked in Transfer Buffer for 15 minutes and placed on 

a nitrocellulose membrane (Hybond-C Extra) in the TE77 ECL Semi-Dry Transfer Unit 

(Amersham Biosciences) and the protein transferred by electroblotting at 60 mA/gel at 

RT for 1 h. The membrane was rinsed in H2O and incubated with Blocking Buffer for 1 h 

at RT and then overnight at 4°C with the primary antibody whilst rocking. The 

membrane was then rinsed six times (10 min each time) with Tris-Saline-Tween (TST), 

followed by 2 h incubation with the secondary antibody at RT. After washing with TST 

(x6 for 10 min each), the membrane was incubated in Enhanced Chemiluminescence 

(ECL) solution for 60 s and immediately exposed to UltraCruz™ Autoradiography (X-ray) 

Films (Santa Cruz Biotechnology) and developed using an automatic film processor (X-

RAY Processor SRX-101A, Konica Minolta, UK). The blots were scanned (CanoScan LiDE 

90) and processed using Microsoft PowerPoint.  

2.2.3.3 Comet Assay 

Control and si-RNA-treated cells were harvested and 170 µl of low melting point agarose 

was added to each pellet before 80 µl of each mixture was pipetted onto glass slides 

pre-coated with 1 % (w/v) agarose and allowed to set. Slides were placed in ice-cold 

lysis buffer containing 1 % (v/v) for 1 h. Slides were washed with ice-cold distilled water 

and incubated in ice-cold alkali buffer in the dark for 20 min prior to electrophoresis at 

30 V, 300 mA for 20 min. Following their 20 min-incubation in neutralising buffer, slides 

were rinsed in double distilled water and dried overnight at 37 °C. Each slide was 

rehydrated with double distilled water for 30 min and covered with 1 ml of 2.5 μg/ml PI 

solution for 20 min at RT in the dark. After washing the PI solution off with double 

distilled water, slides were oven-dried at 37 °C and stored at RT in the dark until ready 

for visualisation and comet scoring using a fluorescent microscope fitted with the 

Komet 5.0 imaging system. Images were processed using Adobe Photoshop (Adobe 

Photoshop CS5) and data quantified using GraphPad Prism 6. 
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Chapter 3 - Esco1 and Esco2 are essential for sister  
                     chromatid cohesion 

3.1 Introduction 

Sister chromatid cohesion is mediated by the cohesin complex, which comprises two 

flexible structural maintenance of chromosomes (Smc) family of ATPases, Smc1/Psm1 

(in humans) and Smc3/Psm3 (in humans) and two accessory subunits, the sister 

chromatid cohesion protein-1 (Scc1/Mcd1/Rad21) and stromal antigens Scc3/Psc3/SA 

(SA1 and SA2 in vertebrates) (Haering et al., 2002; Gruber et al., 2003b; Nasmyth, 2005). 

Proper establishment and maintenance of sister chromatid cohesion is essential for 

faithful chromosome segregation during the metaphase-to-anaphase transition 

(Nasmyth, 2005; Losada & Hirano, 2005). The cohesin core subunits, Smc1 and Smc3, 

bind to each other directly via their hinge domains, and their two ATPase head domains 

are connected by interaction with the C and N-terminal of Scc1/Rad21, respectively, 

forming a ring-shaped structure that is thought to topologically embrace sister 

chromatids (see Figure 1.4, page 11) (Nishiyama et al., 2010). The Scc1/Rad21 and 

SA1/SA2 subunits of the cohesin complex are further associated with several regulatory 

proteins, including Pds5, Wapl, and Sororin, which enable the establishment, 

maintenance, and dissolution of sister chromatid cohesion during the cell cycle (see 

Figures 1.4, page 11, 1.6, page 19, and 5.1, page 157). 

Cohesin is loaded onto chromatin by the Scc2-Scc4 complex in telophase (in 

vertebrates) and dynamically interacts with chromatin before S-phase (Ciosk et al., 

2000). Stable binding of cohesin onto chromatin takes place during S-phase, with the 

aid of replication fork-associated acetyltransferase Eco1/Ctf7 (Esco1 and Esco2 in 

humans) that catalyses the acetylation of Smc3 on two lysine residues (K105/106) once 

the replication fork passes through the cohesin ring (Skibbens et al., 1999; Toth et al., 

1999; Ivanov et al., 2002; Unal et al., 2007; Juraj et al., 2008; Zhang et al., 2008). In 

humans, both Esco1 and Esco2 have been shown to acetylate Smc3 during DNA 

replication (Nasmyth, 2005). In higher organisms, Smc3 acetylation is coupled with the 

recruitment of Sororin which binds to cohesin-associated Pds5 (Pds5A/Pds5B) and 

increases the stability of cohesin’s association with chromatin (Nishiyama et al., 2010).  
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In yeast, Eco1 physically interacts with PCNA during DNA replication (Moldovan et al., 

2006). The Eco1-PCNA interaction enables Eco1 to transiently bind to chromosomes and 

acetylate Smc3, thereby establishing cohesion (Lengronne et al., 2006). Sister chromatid 

cohesion, established in S-phase, is maintained until mitosis when sister chromatids 

separate. In higher eukaryotes, two distinct pathways, the prophase pathway and the 

spindle assembly checkpoint (SAC)-mediated pathway, are responsible for the two-

stage dissociation of cohesin from chromosomes (Nishiyama et al., 2010). 

Even though both Esco1 and Esco2 can acetylate Smc3 at lysine residues (K105/106) in 

mammalian cells, the two proteins are regulated differently. While Esco1 is expressed 

throughout the cell cycle, Esco2 is only expressed during S-phase where it has been 

shown to bind to chromosomes (Hou & Zou, 2005; van der Lelij et al., 2009; Song et al., 

2012; Whelan et al., 2012; Lafont et al., 2010). Neither of the two proteins is able to 

compensate for the loss of the other, suggesting that they are not redundant (Hou & 

Zou, 2005). Studies in mammalian cells have shown that Esco1 interacts exclusively with 

Pds5 proteins, and that its recruitment to chromatin depends on Pds5 (Minamino et al., 

2015). Furthermore, Esco1 is able to acetylate Smc3 independently of DNA replication 

(Minamino et al., 2015). Acetylation of cohesin has been shown to speed the replication 

fork (Terret et al., 2009). In eukaryotes, cohesin acetylation appears to be the glue that 

locks the cohesin subunits together and facilitates the recruitment of other regulatory 

factors such as Sororin that maintain sister chromatid cohesion from S-phase to mitosis. 

Although the manner in which Esco1 and Esco2 regulate cohesin function has been a 

subject of intense investigation, the mechanistic consequences of cohesin acetylation 

are still poorly understood. In this study, I have used an siRNA approach to characterise 

the role of acetyltransferases Esco1 and Esco2 proteins in mammalian cells. My results 

show that depletion of either Esco1 or Esco2 slows down DNA replication, results in 

precocious chromosome separation and apoptosis or senescence depending on the cell 

type. These results led me to conclude that DNA replication-coupled Smc3 acetylation 

stabilises replication forks, a condition that may be required for normal fork 

progression, and that failure to establish sister chromatid cohesion results in aneuploidy 

and either apoptosis or senescence.    
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3.2 Results 

3.2.1 Characterisation of antibodies 

To test the specificity of the commercial antibodies raised against Esco1, Esco2, and 

Sororin, I transfected asynchronously growing HeLa cells with a pool of four small 

interfering RNAs (siRNAs) each against Esco1, Esco2, or Sororin mRNAs, and 

immunoblotted the total lysates with either anti-Esco1, anti-Esco2, anti-Sororin, or anti- 

α-Tubulin antibody (Figure 3.1). The Esco1 (Figure 3.1A) and Sororin (Figure 3.1C) bands 

disappeared with increasing amount of siRNA, indicating that these were the Esco1 and 

Sororin proteins, respectively. The Esco2 immunoblot (Figure 3.1B) produced a doublet, 

with the upper band disappearing with increasing amount of siRNA, suggesting that the 

upper band was the Esco2 protein. The lower band could possibly be a degradation 

product, since Esco2 undergoes an APC/Cyclosome-mediated degradation (Hou & Zou 

2005), or non-specific (Nishiyama et al., 2010). To further check the specificity of the 

Esco1, Esco2, and Sororin antibodies, I transfected asynchronous HeLa cells with a pool 

of four siRNAs each against Esco1, Esco2, and Sororin proteins, and fixed the cells as 

described in Materials and Methods and stained them with either anti-Esco1, anti-

Esco2, or anti-Sororin antibody (Figure 3.2). The Esco1 siRNA decreased Esco1 nuclear 

localisation (Figure 3.2A) by 60 % (Figure 3.2D), while the Esco2 nuclear localisation 

(Figure 3.2B) was reduced by 95 % (Figure 3.2E) by the Esco2 siRNA. The Sororin siRNA 

decreased Sororin nuclear localisation (Figure 3.2C) by 92 % (Figure 3.2F). These results 

suggested that my siRNAs were targeting the right mRNAs. Taken together, this data 

showed that my antibodies were specific and targeting proteins with the right molecular 

weights (kDa), hence they could be used for further studies.  

3.2.2 Intracellular localisation of Esco1 and Esco2 is cell cycle regulated 

The fact that Esco1 is expressed throughout the cell cycle while Esco2 is only expressed 

during S-phase (Hou & Zou, 2005; van der Lelij et al., 2009; Song et al., 2012; Whelan et 

al., 2012; Lafont et al., 2010) suggests that the two proteins regulate sister chromatid 

cohesion in different ways and may have non-overlapping functions.  
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Figure 3.1 The specificity of the Esco1, Esco2, and Sororin antibodies 

(A-C) Western blots of HeLa cell lysates following a 48-h treatment with either control (50 nM), 
Esco1, Esco2, or Sororin siRNAs (5-50 nM). Cells were lysed in RIPA buffer prior to Western 

blotting with either anti-Esco1, anti-Esco2, anti-Sororin, or anti--Tubulin antibody. U= 
untreated, and C= control siRNA. *= Non-specific binding. This figure is representative of three 
independent experiments. 
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Figure 3.2 The specificity of the Esco1, Esco2, and Sororin antibodies 

(A-C) Immunofluorescence images of asynchronous HeLa cells following a 48-h treatment with 
50 nM of either control, Esco1, Esco2, or Sororin siRNAs. Cells were fixed in either Methanol or 
Formaldehyde (3.7 % v/v) and permeabilised with Triton X-100 (0.1 % v/v) before being blocked 
with BSA (5 % w/v) and stained with either anti-Esco1, anti-Esco2, or anti-Sororin antibody 
(green). DNA was stained with Hoechst 33342 (blue). Merged images are shown in the bottom 

panels in A-C. Scale bar: 10 m. (D-F) Histograms showing quantitation of data in (A-C), 
respectively. The mean+s.e.m of at least 100 cells counted in randomly selected fields is shown. 

**P < 0.01, ***P  0.001, ****P 0.0001. P values were calculated using a two-tailed Student 
t-test. U= untreated, and C= control. This figure is representative of three independent 
experiments.  
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To study the intracellular localisation of acetyltransferases Esco1 and Esco2 during the 

cell cycle, I fixed asynchronous HeLa cells as described in Materials and Methods and 

stained them with antibodies raised against the Esco1 and Esco2 proteins. I also stained 

for Sgo1 as a positive control, since it is known to bind centromeric cohesin from 

interphase to the end of mitosis (Kitajima et al., 2006). Both Esco1 (Figure 3.3A) and 

Esco2 (Figure 3.3B) proteins localised to chromatin during interphase but as cells 

entered mitosis they dissociated from chromatin at anaphase. However, Esco2 localised 

to both the nucleus and around the nuclear periphery during interphase (Figure 3.3B), 

suggesting a short-lived association with chromatin. As expected, Sgo1 localised to 

chromatin during interphase (Figure 3.4). At prophase, it displayed punctate localisation 

on chromatin, suggesting centromeric loci along condensed chromosomes. Sgo1 

protein localised to chromatin until anaphase.  

If Esco2 has a nuclear-specific function during interphase and displayed brief 

localisation to chromatin as observed (Figure 3.3B), it is likely that its localisation is 

regulated by either shuttling it out of the nucleus or degradation at mitosis. In this 

sense, chromatin-bound Esco2 levels should decrease from S-phase to mitosis. To test 

this, I initially fixed mitotically-arrested HeLa cells as described in Materials and 

Methods and stained them with antibodies raised against Esco1, Esco2, or Sgo1 as a 

marker which localises to chromatin from interphase to anaphase (Figure 3.4) and 

analysed the relative abundance of Esco1 and Esco2 on chromatin during mitosis (Figure 

3.5). At either prophase (Figures 3.5A and D), metaphase (Figures 3.5B and E), or 

anaphase (Figures 3.5C and F) there was more chromatin-bound Sgo1 than Esco1 or 

Esco2. Both Esco1 and Esco2 proteins dissociated from chromatin at anaphase (Figures 

3.5C and F). This data showed that during mitosis, there is reduced Esco2 staining on 

chromatin compared to Sgo1. I next analysed the total levels of endogenous Esco1 and 

Esco2 proteins at specific stages of the cell cycle by arresting exponentially growing 

HeLa cells at G1/S or M-phase (Figure 3.6A-C), and preparing total cell lysates as 

described in Materials and Methods for Western blotting with antibodies raised against 

the Esco1, Esco2, α-Tubulin, or ɣ-Tubulin proteins (Figures 3.6D and E). I also blotted for 

Sgo1 as a marker (Figure 3.6F). There was no change observed in the protein levels of   
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Figure 3.3 Esco1 and Esco2 are DNA-associated proteins but dissociate from chromatin during 
mitosis 

(A and B) Immunofluorescence images of asynchronous HeLa cells showing the intracellular 
localisation of Esco1 and Esco2, respectively. Cells were fixed in Methanol before being blocked 
with BSA (5 % w/v) and stained with either anti-Esco1 or anti-Esco2 antibody (green). DNA was 
stained with Hoechst 33342 (blue). Merged images are shown in the last panels in A and B. Scale 

bar: 10 m. This figure is representative of three independent experiments. 
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Figure 3.4 Sgo1 is associated with chromatin at mitosis 

Immunofluorescence images of asynchronous HeLa cells showing the intracellular localisation 
of Sgo1. Cells were fixed in Formaldehyde (3.7 % v/v) and permeabilised with Triton X-100 (0.1 
% v/v) before being blocked with BSA (5 % w/v) and stained with a Sgo1 antibody (green). DNA 
was stained with Hoechst 33342 (blue). Merged images are shown in the last panel. Scale bar: 

10 m. This figure is representative of three independent experiments. 
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Esco1 in interphase and at mitosis (Figure 3.6D). The Esco2 immunoblot produced 

doublet bands in asynchronous and G1/S-blocked lysates, as earlier observed (Figure 

3.1B), and a single faster-migrating band in mitotically arrested lysates (Figure 3.6E). 

The Esco2 upper band in G1/S-arrested lysates was stronger than the band detected in 

asynchronous lysates, suggesting that endogenous Esco2 expression is higher in G1/S-

arrested cells. The fact that my Esco2 siRNA is only targeting the mRNA corresponding 

to the slower migrating protein (Figure 3.1B) shows that the faster migrating band 

detected in asynchronous, G1/S, and mitotically-arrested lysates (Figure 3.6E) 

represents either a degradation product of Esco2 or a non-specific protein. This has 

been reported in previous studies (Nishiyama et al., 2010; Hou & Zou, 2005). There was 

no change observed in the protein levels of Sgo1 in interphase and at mitosis (Figure 

3.6F), suggesting that Sgo1 total protein levels do not change before the end of mitosis. 

Accumulation of the Esco2 protein in G1/S-arrested lysates is consistent with studies 

which report that Esco2 is only expressed during S-phase (Hou F & Zou H, 2005). 

I then investigated the differential localisation of Esco2 observed in interphase cells 

(Figure 3.3B) and further analysed the difference in the expression of endogenous Esco1 

and Esco2 proteins (Figure 3.6) by both Immunofluorescence microscopy and Western 

blot in a synchronised populations of HeLa cells. I investigated the differential 

localisation of Esco1 and Esco2 at intervals after releasing the cells from a G1/S-phase 

arrest. Cells were fixed in methanol and stained with either the Esco1 or Esco2 antibody. 

Alternatively, cells were lysed in RIPA buffer and the blots probed with either the Esco1, 

Esco2, Cyclin B1, or α-Tubulin antibodies (Figure 3.7E).  

The Esco1 immunofluorescence data showed primarily homogeneous nuclear 

localisation in both asynchronous and G1/S-arrested cells (Figure 3.7A). The Esco1 

protein remained in the nucleus and cytoplasm from 0 to 3 h. From 6 to 9 h, Esco1 

nuclear localisation became more distinct. Quantification of the relative abundance of 

nuclear and cytoplasmic Esco1 showed increased nuclear staining of the protein as cells 

progressed from S-phase to G2 (Figure 3.7C), suggesting that endogenous Esco1 

expression continues from S-phase to G2.   
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Figure 3.5 Dissociation of Esco1 and Esco2 from chromatin at mitosis 

(A-C) Immunofluorescence images of mitotic HeLa cells showing the intracellular localisation of 
Esco1, Esco2, and Sgo1 during mitosis. Cells were fixed in either Methanol or Formaldehyde (3.7 
% v/v) and permeabilised with Triton X-100 (0.1 % v/v) before being blocked with BSA (5 % w/v) 
and stained with either anti-Esco1 (red), anti-Esco2 (red), or anti-Sgo1 antibody (green). DNA 
was stained with Hoechst 33342 (blue). Merged images are shown in the right panels in A-C. 

Scale bar: 10 m. (D-F) Histograms showing quantitation of data in (A-C), respectively. This 
figure is representative of three independent experiments.  
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Figure 3.6 Esco1 and Esco2 proteins are differentially regulated in interphase and at mitosis 

(A-C) FACS profile of asynchronous, Aphidicolin (5 g/ml), and Nocodazole (1 g/ml)-arrested 

HeLa cells. Cells were fixed in Ethanol (70 % v/v) and stained with Propidium Iodide (0.02 g/ml) 
before FACS with the NucleoCounter® NC-3000TM. (D-F) Western blots of HeLa cell lysates 
synchronised as described in (A-C). Cells were lysed in RIPA buffer prior to Western blotting with 

either anti-Esco1, anti-Esco2, anti-Sgo1, anti--Tubulin, or anti--Tubulin antibody. This figure 
is representative of three independent experiments. 
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The Esco2 immunofluorescence data showed punctate nuclear localisation in cells 

blocked at the G1/S boundary, indicative of nuclear foci where the protein might 

possibly be aggregated in response to the Aphidicolin block (Figure 3.7B and F). The 

nuclear distribution became more homogeneous between 1 and 3 h after release from 

the Aphidicolin block. At 6 h, Esco1 localised towards the nuclear periphery. 

Quantification of the relative abundance of nuclear and cytoplasmic Esco2 showed an 

increase in number of cells showing nuclear localisation at 1 h after release from the 

Aphidicolin block, followed by a steady decrease in nuclear localisation from 3 to 9 h 

(Figure 3.7D). This result suggests that in interphase cells the majority of Esco2 is 

nuclear, but as cells exit S-phase and enter G2, the Esco2 protein becomes cytoplasmic 

or localises to the nuclear periphery, indicating that endogenous Esco2 expression 

decreases from S-phase to G2 (see Figure 4.6, page 124). Since Esco2 only binds 

chromatin during S-phase (Hou F & Zou H, 2005) and that both Esco1 and Esco2 can 

acetylate Smc3 during DNA replication (Nasmyth, 2005; Zhang et al., 2008), the brief 

association of Esco2 with chromatin observed in this study may be specifically targeted 

for Smc3 acetylation during DNA replication.  

My immunoblot data (Figure 3.7E) showed that while endogenous Esco1 protein levels 

did not change from 0 to 9 h, the protein levels of Esco2 only increased slightly from 0 

to 3 h, and steadily declined thereafter, further suggesting that the expression of 

endogenous Esco2 protein decreases as cells get to G2, consistent with my earlier 

observation of reduced Esco2 staining on chromatin at mitosis (Figure 3.5). 

I next examined the levels of endogenous Esco1 and Esco2 proteins during the cell cycle 

using a synchronised population of HeLa cells (Figure 3.8A). My immunoblot results 

showed that while the level of total Esco1 protein was constant, total Esco2 levels 

gradually decreased as cells entered mitosis (Figure 3.8B), suggesting that the two 

proteins have different modes of regulation and that Esco2 may be degraded after S-

phase. These results are consistent with a study which reports that Esco1 is 

continuously expressed during the cell cycle while Esco2 is degraded at mitosis (Hou F 

& Zou H, 2005).  
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To confirm that Esco2 is degraded after S-phase, I treated a synchronised population of 

HeLa cells with the proteasome inhibitor, Bortezomib (PS-341), which blocks cell cycle 

progression at the G2/M phase (Ling et al., 2002), and monitored their progression 

through the cell cycle for 24 h (Figure 3.9A). I also treated asynchronous HeLa cells with 

the proteosome inhibitor for the same length of time (Figure 3.9B). My immunoblots 

showed that Esco2 was stabilised in the presence of the inhibitor and the level of total 

Esco1 was also constant, as observed earlier (Figure 3.9B). A check on the Esco2 protein 

sequence revealed a KEN box (Figure 3.9C), the general degradation targeting signal for 

APCCdh1 (Pfleger & Kirschner, 2000). This data suggests that the Esco2 function may be 

more restricted to S-phase and that as cells enter mitosis, the protein is degraded via 

ubiquitination, as has been reported earlier (Lafont et al., 2010). These results are 

consistent with my western blot data (see Figure 4.6, page 124).  

Taken together, my data indicates that the Esco1 and Esco2 proteins are nuclear and 

chromatin-bound during interphase, and that their chromatin association decreases as 

cells progress through mitosis, a pattern similar to the localisation of cohesin and Pds5 

proteins (Chapter 4, Figures 4.1 and 4.3) and published data that report a temporal 

association of cohesin with chromatin in interphase and dissociation during mitosis 

(Nishiyama et al., 2010; Zhang et al., 2011). In mitosis, the Esco1 and Esco2 proteins are 

regulated differently; while total Esco1 levels remain constant and phosphorylated (Hou 

& Zou, 2005; van der Lelij et al., 2009; Song et al., 2012; Whelan et al., 2012), Esco2 is 

degraded (Hou & Zou, 2005; Lafont et al., 2010).  
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Figure 3.7 Differential localisation of Esco1 and Esco2 during S-phase  

(A and B) Immunofluorescence images of HeLa cells showing the intracellular localisation of 

Esco1 and Esco2, respectively, following release from a 24 h-Aphidicolin (5 g/ml) block. Cells 
were fixed in Methanol before being blocked with BSA (5 % w/v) and stained with either anti-
Esco1 or anti-Esco2 antibody (green). DNA was stained with Hoechst 33342 (blue). Merged 

images are shown in the bottom panels in A and B. Scale bar: 10 m. (C and D) Histograms 
showing quantitation of data in (A and B), respectively. A total of 100 cells were counted in 
randomly selected fields. (E) Western blot of HeLa cell lysates after release from a 24 h-

Aphidicolin (5 g/ml) block. Cells were lysed in RIPA buffer prior to Western blotting with either 

anti-Esco1, anti-Esco2, anti-Cyclin B1, or anti--Tubulin antibody. (F) An enlarged 
immunofluorescence image of HeLa cells in (B) showing the punctate localisation of Esco2 

following a 24 h Aphidicolin (5 g/ml) block. This figure is representative of three independent 
experiments. 
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Figure 3.8 Esco1 and Esco2 protein levels during the HeLa cell cycle 

(A) FACS profile of HeLa cells following release from a 24 h-Aphidicolin (5 g/ml) block. 

Asynchronous and Nocodazole (1 g/ml)-arrested cells were also profiled. Cells were fixed in 

Ethanol (70 % v/v) and stained with Propidium Iodide (0.02 g/ml) before FACS with the 
NucleoCounter® NC-3000TM. (B) Western blot of HeLa cell lysates after release from a 24 h-

Aphidicolin (5 g/ml) block. Cells were lysed in RIPA buffer prior to Western blotting with either 

anti-Esco1, anti-Esco2, anti-Cyclin B1, anti-p-Histone H3, or anti--Tubulin antibody. *= Non-
specific binding. This figure is representative of three independent experiments. 
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Figure 3.9 Endogenous Esco2 protein levels are stabilised in the presence of proteosome 
inhibitor 

(A and B) Western blots of HeLa cell lysates following a 24 h-treatment with Bortezomib (PS-

341, 20 nM) and Aphidicolin (5 g/ml) and release from the block. Cells were lysed in RIPA buffer 
prior to Western blotting with either anti-Esco1, anti-Esco2, anti-Cyclin B1, anti-p-Histone H3, 

or anti--Tubulin antibody. (C) Esco2 protein sequence showing the KEN BOX (highlighted in 
yellow). This figure is representative of two independent experiments.  
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3.2.3 Depletion of Esco1 and Esco2 delays DNA replication 

During S-phase, the Esco1 and Esco2 acetyltransferases acetylate Smc3 on two residues 

(K105/106) in mammalian cells (Nasmyth, 2005; Zhang et al., 2008). Not only has cohesin 

acetylation been shown to be important in establishing sister chromatid cohesion 

(Nishiyama et al., 2010; Minamino M et al., 2015; Ladurner et al., 2016), but also speed 

the replication fork (Terret et al., 2009). To confirm whether Smc3 acetylation is 

required for DNA replication, I depleted Esco1 and Esco2 using a pool of four siRNAs, 

either individually or in combination. My immunoblot data showed successful depletion 

of both proteins at siRNA concentration of 50 nM (Figure 3.10). Furthermore, my data 

also showed that depletion of both Esco1 and Esco2 proteins inhibits Smc3 acetylation, 

and that of the two proteins, depletion of Esco1 reduced Smc3 acetylation more than 

depletion of Esco2 (Figure 3.10), suggesting that Smc3 is acetylated primarily by Esco1.  

I then analysed DNA replication in either asynchronous or synchronised population of 

HeLa cells depleted of either Esco1, Esco2, or both Esco1 and Esco2 proteins by labelling 

them with the Thymidine analog, 5’-Bromo-2’-deoxyuridine (BrdU) (Figures 3.11A and 

B). Quantification of Immunofluorescence data of asynchronous cells labelled with BrdU 

revealed no significant difference in the number of control and Esco1 and Esco2-

depleted cells that incorporated BrdU (Figure 3.11C). However, in a synchronised 

population of HeLa cells, there was a significant reduction in BrdU incorporation in 

Esco1 and Esco2-depleted cells compared to control siRNA-treated cells (Figure 3.11D), 

suggesting that acetyltransferases Esco1 and Esco2 proteins are required for DNA 

replication. To further test the requirement for Esco1 and Esco2 proteins in S-phase, I 

analysed DNA replication at a single molecule level using the DNA single fibre technique 

to monitor replication fork movements in a synchronised population of HeLa cells 

depleted of either Esco1, Esco2, or both Esco1 and Esco2 proteins. I sequentially 

labelled cells depleted of either Esco1, Esco2, or both Esco1 and Esco2 proteins with 

halogenated nucleosides Iododeoxyuridine (IdU) and Chlorodeoxyuridine (CIdU) for 30 

min each following release from Aphidicolin block (Figure 3.12A), after which I extracted 

genomic DNA and stretched it on glass slides, before labelling with IdU- and CIdU-

specific antibodies.   
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Figure 3.10 Depletion of Esco1 and Esco2 proteins prevents Smc3 acetylation 

Western blot of HeLa cell lysates following a 48 h-transfection with 50 nM of either control, 
Esco1, Esco2, or a mixture of both Esco1 and Esco2 siRNAs. Cells were lysed in RIPA buffer and 
Western blot was carried out using either anti-Esco1, anti-Esco2, anti-Ac-Smc3, anti-Smc3, or 

anti--Tubulin antibody. U = Untreated, and C = control. This figure is representative of three 
independent experiments. 
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Figure 3.11 Depletion of Esco1 and Esco2 proteins impedes DNA replication 

(A) Schematic representation of BrdU (1 µM) incorporation assay in a synchronised population 
of HeLa cells depleted of Esco1 and Esco2 proteins. (B) Immunofluorescence images of BrdU (1 
µM)-labelled HeLa cells following a 48 h-treatment with 50 nM of either control, Esco1, Esco2, 

or both Esco1 and Esco2 siRNAs and 24 h-treatment with Aphidicolin (5 g/ml). Cells were fixed 
in Methanol before being blocked with BSA (5 % w/v) and stained with anti-BrdU antibody 

(green). DNA was stained with Hoechst 33342 (blue). Scale bar: 10 m. (C and D) Histograms 
showing quantitation of data in (B). The mean+s.e.m of at least 100 cells counted in randomly 

selected fields is shown. nsP > 0.05, *P < 0.05; P values were calculated using a two-tailed 

Student t-test. This figure is representative of three independent experiments.  
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Single fibre analysis showed four major differences between control and Esco1, Esco2, 

or both Esco1 and Esco2-depleted cells (Figure 3.12B). Compared to control cells (Figure 

3.12B i-iii), Esco1, Esco2, or both Esco1 and Esco2-depleted cells were characterised by 

short labelled DNA fibres (Figure 3.12B iv, vii, viii, and x) and (Figure 3.12C), an indication 

of slow-moving replication forks. Calculation of the replication fork velocity showed a 

significant reduction from 0.58 kb/min in the control cells to 0.49 kb/min, 0.48 kb/min, 

and 0.47 kb/min in the synchronised population of Esco1, Esco2, or both Esco1 and 

Esco2-depleted cells, respectively (Figure 3.12D). Furthermore, there was a significant 

increase in the number of stalled replication forks in cells depleted of both Esco1 and 

Esco2 proteins, compared to control cells (Figure 3.12B v and xi) and (Figure 3.12E), 

suggesting that the absence of Esco1 and Esco2 proteins inhibits replication fork 

progression. There were also numerous intermittent gaps in the labelled DNA fibres 

derived from cells depleted of either Esco1, Esco2, or both Esco1 and Esco2 proteins 

(Figure 3.12B vi, ix, and xii), suggesting an increase in firing of latent origins after fork 

stalling in the absence of Esco1 and Esco2 proteins. Additionally, there was a significant 

reduction in the number of interspaced fibres (Figure 3.12B iii) for labelled DNA derived 

from either Esco1 or both Esco1 and Esco2-depleted cells, compared to control cells 

(Figure 3.12F), suggesting slowed DNA replication. Collectively, this data showed that 

Esco1 and Esco2 proteins are required during S-phase for replication fork progression, 

consistent with published data which reported that acetylation is required for normal 

fork progression (Terret et al., 2009). 

3.2.4 Depletion of Esco1 and Esco2 causes precocious chromosome separation and 
is characterised by chromatin deformities and aneuploidy 

Acetylation of cohesin is important for the establishment and maintenance of sister 

chromatid cohesion. Recently, it has been shown that depletion of Esco1 and Esco2 

proteins leads to untimely separation of chromosomes (Minamino et al., 2015). To 

confirm this, I prepared chromosome spreads as described in Materials and Methods 

using HeLa cells treated for 48 h with either control, Esco1, Esco2, or both Esco1 and 

Esco2 siRNAs.  I also prepared chromosome spreads using cells depleted of Sororin, a 

known cohesion establishment factor that has been shown to keep sister chromatids 

together (Nishiyama et al., 2010) and whose depletion is characterised by metaphase  
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abnormalities (see Figure A2, page 207). Immunofluorescence analysis of chromosome 

spreads (Figure 3.13A) and measurements of distances between kinetochore pairs 

showed a significant increase from 3.0 µm in the control cells to 12.4 µm, 12.8 µm, and 

15.5 µm in the Esco1, Esco2, or both Esco1 and Esco2-depleted cells, respectively 

(Figure 3.13B). As expected, depletion of Sororin also resulted in an increase in 

kinetochore pair distances (11.0 µm) (Figure 3.13B). This data showed that depletion of 

Esco1 and Esco2 proteins causes precocious separation of sister chromatids. 
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Figure 3.12 Cells depleted of Esco1 and Esco2 proteins are characterised by defective DNA 
strands and stalled replication forks 

(A) Schematic representation of DNA single fibre assay in a synchronised population of Esco1 
and Esco2-depleted HeLa cells. (B) Immunofluorescence images of DNA replication forks (red = 
IdU, 25 µM and green = CIdU, 250 µM) observed in HeLa cells following a 48 h-treatment with 
50 nM of either control, Esco1, Esco2, or both Esco1 and Esco2 siRNAs and release from 

Aphidicolin (5 g/ml) block. Cells were lysed in DNA Fibre Lysis Buffer, fixed with Carnoy’s 
solution (3:1 v/v Methanol: Acetic acid), and hydrolysed in HCl (2.5 M) before being blocked 
with BSA (5 % w/v) and stained with either Fitc-conjugated-anti-BrdU (green) or anti-BrdU 

antibody (red). White arrows indicate direction of fork movement. Scale bar: 20 m. Panels i, 
iv, vii, and x represent elongating forks; panels ii and viii represent termination points; panels v 
and xi represent stalled forks; panel iii represents interspaced fibres; and panels vi, ix, and xii 
represent intermittent gaps. (C) Box plot showing a reduction in DNA fibre lengths in Esco1 and 
Esco2-depleted cells. (D) Dot plot showing a reduction in replication fork velocities in Esco1 and 
Esco2-depleted cells. (E) Histogram showing an increase in the number of stalled replication 
forks in Esco1 and Esco2-depleted cells. (F) Histogram showing a reduction in the number of 
interspaced DNA fibres in Esco1 and Esco2-depleted cells. For the data set C-F, the mean ± s.e.m 

of at least 100 DNA fibre tracts counted in randomly selected fields is shown. nsP > 0.05, *P < 

0.05, **P < 0.01, ****P < 0.0001. P values were calculated using a two-tailed Student t-test. 
This figure is representative of three independent experiments. 
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Figure 3.13 Depletion of Esco1 and Esco2 proteins causes precocious sister chromatid 
separation 

(A) Immunofluorescence images of chromosome spreads following a 48-h treatment with 50 
nM of either control, Esco1, Esco2, or Sororin antibody, and a 24 h-Nocodazole (1 µg/ml) block. 
Mitotic shake-off cells were swelled in hypotonic KCl (75 mM) before being fixed with Carnoy’s 
solution (3:1 v/v Methanol: Acetic acid), lysed by dropping from a distance of 30 cm, and 
blocked with 5 % w/v BSA/ 0.1 % v/v Tween 20/ PBS, prior to staining with anti-Centromere 
antibody (red). DNA was stained with Hoechst 33342 (white). Merged images are shown in the 

last panels in A and squares indicate enlarged images of kinetochore pairs. Scale bar: 10 m. (B) 
Dot plot quantitation of data in (A) showing distances between chromosomes in Esco1, Esco2, 
and Sororin-depleted cells. Each dot represents a pair of sister kinetochores. ****P < 0.0001. P 
values were calculated using a two-tailed Student t-test. This figure is representative of three 
independent experiments.  
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To further investigate the consequences of loss of Esco1 and Esco2 on chromatin 

structure, I transfected asynchronous HeLa cells with the control, Esco1, Esco2, or both 

Esco1 and Esco2 siRNAs and fixed the cells as described in Materials and Methods 

before staining them with either anti-α-Tubulin or anti-ɣ-Tubulin antibody. My 

Immunofluorescence data revealed a number of chromatin abnormalities in cells 

depleted of Esco1 and Esco2. Apart from multilobed nuclei (Figure 3.14A and B; see also 

Figure A1, page 206), cells depleted of Esco1 and Esco2 were also characterised by 

multiple spindle poles (Figure 3.15A and B), chromosomal bridges (Figure 3.16A and B), 

and micronuclei (Figure 3.17A and B). This data suggests that in the absence of Esco1 

and Esco2 proteins, cells are unable to maintain sister chromatid cohesion, resulting in 

precocious separation of sister chromatids, failure to align chromosomes at the 

metaphase plate, and uneven distribution of chromosomes resulting in phenotypes 

reminiscent of aneuploidy. 

3.2.5 Depletion of Esco1 and Esco2 proteins in HeLa cells induces apoptosis 

Cohesin acetylation is the glue that helps hold sister chromatids together to ensure 

accurate chromosome segregation at mitosis. Loss of acetylation has many 

consequences during mitosis, including precocious chromosome separation (Figure 

3.13) and defects in chromosome segregation (Figure 3.15). To maintain genome 

integrity, cells have evolved a number of mechanisms that ensure that defective DNA is 

not propagated and passed on to new daughter cells. Depletion of either Esco1, Esco2, 

or both Esco1 and Esco2 proteins from HeLa cells resulted in a third of cells detaching 

from tissue culture plates at 48 h after treatment with the siRNAs and appeared to be 

dying, as they could not incorporate BrdU (Figure A3, page 208). Surprisingly, depletion 

of Esco1, Esco2, or both Esco1 and Esco2 proteins from a primary cell line, retinal 

pigment epithelial (RPE1) cells, did not lead to cell detachment from tissue culture 

plates.  

It is unclear how depletion of Esco1 and Esco2 proteins results in different observable 

phenotypes in HeLa and RPE1 cells. One possibility is that HeLa cells arrest in mitosis 

with activated SAC and undergo apoptosis after Esco1 and Esco2 depletion due to lack 

of functional p53 (Scheffner, 1998; Hietanen, 2000). To test if cells depleted of Esco1   
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Figure 3.14 Depletion of Esco1 and Esco2 induces the formation of multilobed nuclei 

(A) Immunofluorescence images of asynchronous HeLa cells following a 48 h-treatment with 50 
nM of either control, Esco1, Esco2, or both Esco1 and Esco2 antibodies. Cells were fixed in 

Methanol before being blocked with BSA (5 % w/v) and stained with anti--Tubulin antibody 
(green). DNA was stained with Hoechst 33342 (blue). Merged images are shown in the last 

panels in A. Scale bar: 10 m. White arrows indicate examples of lobed nuclei. (B) Histogram 
showing quantitation of data in (A). The mean+s.e.m of at least 100 cells counted in randomly 
selected fields is shown. ****P < 0.0001. P values were calculated using a two-tailed Student t-
test. This figure is representative of three independent experiments.  
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Figure 3.15 Depletion of Esco1 and Esco2 proteins induces the formation of multiple spindle 
poles 

(A) Immunofluorescence images of mitotic HeLa cells following a 48 h-treatment with 50 nM of 
either control, Esco1, Esco2, or both Esco1 and Esco2 antibodies. Cells were fixed in Methanol 

before being blocked with BSA (5 % w/v) and stained with either anti--Tubulin antibody (green) 

or anti--Tubulin antibody (red). DNA was stained with Hoechst 33342 (blue). Merged images 

are shown in the last panels in A. Scale bar: 10 m. (B) Histogram showing quantitation of data 
in (A). The mean+s.e.m of at least 100 cells counted in randomly selected fields is shown. ***P 

 0.001, ****P < 0.0001. P values were calculated using a two-tailed Student t-test. This figure 
is representative of three independent experiments. 
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Figure 3.16 Depletion of Esco1 and Esco2 proteins induces the formation of chromosomal 
bridges 

(A) Immunofluorescence images of mitotic HeLa cells following a 48 h-treatment with 50 nM of 
either control, Esco1, Esco2, or both Esco1 and Esco2 antibodies. Cells were fixed in Methanol 

before being blocked with BSA (5 % w/v) and stained with anti--Tubulin antibody (green). DNA 
was stained with Hoechst 33342 (white). Merged images are shown in the last panels in A. Scale 

bar: 10 m. Orange arrows indicate chromosomal bridges. (B) Histogram showing quantitation 
of data in (A). The mean+s.e.m of at least 100 cells counted in randomly selected fields is shown. 
*P < 0.05, **P < 0.01, ****P < 0.0001. P values were calculated using a two-tailed Student t-
test. This figure is representative of three independent experiments. 
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Figure 3.17 Depletion of Esco1 and Esco2 proteins induces the formation of micronuclei 

(A) Immunofluorescence images of asynchronous HeLa cells following a 48 h-treatment with 50 
nM of either control, Esco1, Esco2, or both Esco1 and Esco2 antibodies. Cells were fixed in 

Methanol before being blocked with BSA (5 % w/v) and stained with anti--Tubulin antibody 
(green). DNA was stained with Hoechst 33342 (white). Merged images are shown in the last 

panels in A. Scale bar: 10 m. Red arrows indicate micronuclei. (B) Histogram showing 
quantitation of data in (A). The mean+s.e.m of at least 100 cells counted in randomly selected 

fields is shown. **P < 0.01, ***P  0.001. P values were calculated using a two-tailed Student t-
test. This figure is representative of three independent experiments. 
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and Esco2 proteins undergo apoptosis, I stained both the RPE1 and HeLa detached cells 

with the Cytokeratin 18 antibody following siRNA treatment (Figures 3.18A and B). The 

Cytokeratin 18 antibody detects caspase 3-cleaved cytokeratin 18 (Caulin et al., 1997). 

My data showed that HeLa cells depleted of Esco1, Esco2, or both Esco1 and Esco2 

stained positively for cleaved cytokeratin 18 while depletion of Esco1 and Esco2 in RPE1 

cells did not have any effect (Figures 3.18A and B). 

To confirm the activation of apoptotic response observed (Figure 3.18A), I depleted 

Esco1, Esco2, or both Esco1 and Esco2 proteins from HeLa cells and prepared total cell 

lysates as described in Materials and Methods. Protein samples were resolved by SDS-

PAGE and immunoblotted with antibodies raised against Esco1, Esco2, Caspase 9, 

Caspase 3, Cleaved Caspase 3, and α-Tubulin (Figure 3.18C). My immunoblot data 

showed cleavage of Caspase 3 and disappearance of Pro-Caspase 9 in cells depleted of 

both Esco1 and Esco2 (Figure 3.18C). Furthermore, HeLa cells were characterised by 

reduced growth in the absence of Esco1 and Esco2 proteins (Figure 3.19B), possibly 

because HeLa cells depleted of Esco1 and Esco2 detach from tissue culture plates (see 

Figure A3, page 208). Collectively, this data shows that depletion of Esco1 and Esco2 

proteins causes HeLa cells to undergo apoptosis. This is a novel result; it is the first time 

loss of Esco1 and Esco2 has been shown to result in apoptosis. 
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Figure 3.18 Depletion of Esco1 and Esco2 in HeLa cells induces apoptosis 

(A) Immunofluorescence images of HeLa mitotic shake-off and RPE1 cells following a 48 h-treatment with 50 nM of either control, Esco1, Esco2, or both Esco1 
and Esco2 siRNA. Cells were fixed in Methanol before being blocked with BSA (5 % w/v) and stained with anti-Cytokeratin 18 antibody (green). DNA was 

stained with Hoechst 33342 (white). Merged images are shown in the last panels in A. Scale bar: 10 m. (B) Histogram showing quantitation of data in (A). 

The mean+s.e.m of at least 100 cells counted in randomly selected fields is shown. ***P  0.001. P values were calculated using a two-tailed Student t-test. 
(C) Western blot of HeLa cell lysates following a 48 h-treatment with 50 nM of either control, Esco1, Esco2, or both Esco1 and Esco2 siRNAs, or 6 h-treatment 
with Staurosporine (1 µM). Cells were lysed in RIPA buffer prior to Western blotting with either anti-Esco1, anti-Esco2, anti-Caspase 9, anti-Caspase 3, anti-

cleaved Caspase 3, or anti--Tubulin antibody. U = Untreated, and C = control. This figure is representative of three independent experiments.
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3.2.6 Depletion of Esco1 and Esco2 proteins induces cellular senescence in primary 
(RPE1) cells 

Unlike HeLa cells (Scheffner, 1998; Hietanen, 2000), primary cells such as RPE1 have 

functional p53 (Bodnar et al., 1998; Jiang et al., 1999; Liu et al., 2006) hence they are 

able to initiate other cellular responses after depletion of Esco1 and Esco2, such as 

senescence, to prevent the propagation of a defective genome. This could be the reason 

why they did not undergo apoptosis after depletion of Esco1 and Esco2 (Figure 3.18A 

and B). To test whether depletion of Esco1 and Esco2 proteins activates senescence in 

primary cells, I first examined the growth of RPE1 cells in the absence of Esco1 and Esco2 

proteins (Figure 3.19). My data showed that depletion of Esco1 and Esco2 proteins 

slowed down the growth of RPE1 cells, suggesting that Esco1 and Esco2 proteins are 

factors required for the division of RPE1 cells.  

I then treated the RPE1 cells with either control, Esco1, Esco2, or both Esco1 and Esco2 

siRNAs for 48 h or 96 h and fixed them as described in Materials and Methods before 

staining with the X-Gal solution to test for senescence-associated endogenous β-

galactosidase activity (Figure 3.20A). I also stained the EJ p21+ and EJ p21- cells with the 

X-Gal solution, as negative and positive control, respectively (Figure 3.20B). My data 

showed that depletion of Esco1 and Esco2 proteins from RPE1 cells caused a significant 

increase in β-galactosidase activity (Figure 3.20C), suggesting that loss of Esco1 and 

Esco2 proteins from primary cells (RPE1) initiates senescence. To confirm this result, I 

treated RPE1 cells with either control, Esco1, Esco2, or both Esco1 and Esco2 siRNAs for 

48 h or 96 h before preparing total cell lysates as described in Materials and Methods. I 

also lysed the EJ p53+ and EJ p53- cells in RIPA buffer and prepared total lysates, as 

negative and positive control, respectively. I resolved protein samples by SDS-PAGE and 

immunoblotted with either Esco1, Esco2, p53, p21, p16, or α-Tubulin antibody (Figure 

3.20D). My immunoblot data showed an increase in the senescence-associated factors, 

p53, p21, and p16 (Macip et al., 2002; Althubiti et al., 2014) in cells depleted of either 

Esco1, Esco2, or both Esco1 and Esco2 proteins, suggesting activation of senescence in 

the absence of Esco1 and Esco2 proteins. Collectively, this data suggests that loss of 

Esco1 and Esco2 may cause non-transformed cells to undergo senescence. This is a 
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novel result; it is the first time that loss of Esco1 and Esco2 has been shown to cause 

cell senescence. 
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Figure 3.19 Depletion of Esco1 and Esco2 proteins slows the growth of RPE1 cells 

(A and B) Mean growth curves of RPE1 and HeLa cells, respectively, following transfection with 
50 nM of either control, Esco1, Esco2, or a mixture of both Esco1 and Esco2 siRNAs. Cells were 
cultured over a period of 10 days and scored on a daily basis using a Haemocytometer. This 
figure is representative of three independent experiments. 
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Figure 3.20 Depletion of Esco1 and Esco2 proteins from RPE1 cells induces senescence 

(A and B) Representative images of senescence-associated endogenous β-galactosidase activity 
in RPE1 and EJp21 cells following a 48 or 96 h-treatment with 50 nM of either control, Esco1, 
Esco2, or both Esco1 and Esco2 antibodies. Cells were fixed with 3 % (v/v) Formaldehyde 

solution prior to staining with the X-Gal solution. Scale bar: 10 m. (C) Histogram showing 
quantitation of data in (A and B). The mean+s.e.m of at least 100 cells counted in randomly 
selected fields is shown. *P < 0.05, **P < 0.01, ****P < 0.0001. P values were calculated using 
a two-tailed Student t-test. (D) Western blot of RPE1 cell lysates following a 48 or 96 h-
treatment with 50 nM of either control, Esco1, Esco2, or both Esco1 and Esco2 siRNAs. Cells 
were lysed in RIPA buffer prior to Western blotting with either anti-Esco1, anti-Esco2, anti-p53, 

anti-p21, anti-p16, or anti--Tubulin antibody. *= non-specific binding. This figure is 
representative of three independent experiments. 
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3.2.7 Discussion 

Cohesin acetylation is required for the establishment of sister chromatid cohesion. 

Proper establishment and maintenance of sister chromatid cohesion is important in 

safeguarding genome integrity. Errors in sister chromatid cohesion have been 

implicated in congenital birth defects (Shen, 2011; Pfau & Amon, 2012) and cancer (Thol 

et al., 2014; Thota et al., 2014). In this study I characterised the role of cohesin 

acetyltransferases Esco1 and Esco2 in the mammalian cell cycle. I report the 

requirement for Esco1 and Esco2 in DNA replication and the prevention of aneuploidy, 

apoptosis, and senescence. 

In mammalian cells, both Esco1 and Esco2 acetylate Smc3 on two Lysine residues 

(K105/106) during DNA replication (Nasmyth, 2005; Zhang et al., 2008). In higher 

eukaryotes cohesin acetylation is coupled with Sororin recruitment to chromatin, which 

establishes and maintains sister chromatid cohesion from S-phase to mitosis (Zhang & 

Pati, 2012). Consistent with this notion, my data shows that Esco1 and Esco2 proteins 

localise to chromatin during interphase and dissociate from chromatin at mitosis (Figure 

3.3), a localisation similar to that of Sgo1 which protects centromeric cohesin until the 

end of mitosis (Figure 3.4). 

In yeast, Eco1 has been found to be phosphorylated by Cdk1 and degraded after S-phase 

(Lyons & Morgan, 2011). In humans, it has been shown that Esco1 is expressed 

throughout the cell cycle (Song et al., 2012; Whelan et al., 2012) while Esco2 is only 

expressed during S-phase (Hou F & Zou H, 2005; van der Lelij et al., 2009; Song et al., 

2012; Whelan et al., 2012). This might explain the difference in the abundance of these 

proteins at mitosis (Figure 3.5) and the fact that endogenous Esco1 protein levels do 

not change greatly in interphase and at mitosis (Figure 3.6D) while Esco2 exhibits a rapid 

degradation at mitosis (Figure 3.6E). Accumulation of Esco2 in G1/S-blocked lysates and 

its disappearance from lysates blocked in M-phase (Figure 3.6E) coupled with its 

transient interphase localisation (Figure 3.3B) suggests that Esco2 function may be 

restricted to interphase only.  
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In S-phase, Esco1 accumulates in the nucleus (Figure 3.7A), and its levels steadily 

increase throughout G2 (Figure 3.7C). This is in stark contrast to Esco2 which only 

localises to the nucleus during S-phase (Figure 3.7B). As cells progress to G2, Esco2 

gradually disperses from the nucleus (Figure 3.7D).  The fact that Esco2 forms punctate 

structures in cells blocked at the G1/S boundary (Figure 3.7B and F) and that its 

endogenous levels only steadily increase for 3 h after release from Aphidicolin block 

(Figure 3.7E) shows that the protein is only required during S-phase and may be 

important in DNA replication. Our previous results in the lab (unpublished) have shown 

that both Esco1 and Esco2 bind to chromatin after treatment of HeLa cells with 

Cisplatin. As cells exit S-phase, Esco2 may be degraded. 

My cell cycle profile data (Figure 3.8A) showed that while total Esco1 protein levels 

remain constant throughout the cell cycle, Esco2 protein levels are greatly reduced as 

cells enter mitosis (Figure 3.8B). Furthermore, my data showed that the Esco2 protein 

is stabilised in the presence of the proteosome inhibitor (Figures 3.9A and B). An 

inspection of the protein sequence revealed that Esco2 possesses a KEN BOX (Figure 

3.9C). This data shows that Esco2 is only required during S-phase and that the protein 

is ubiquitinated (by APCCdh1) and degraded when cells enter mitosis, consistent with 

previous studies (Lafont et al., 2010). 

It has recently been shown that Esco1 acetylates cohesin via a mechanism different 

from that of Esco2, in that depletion of Pds5 abolishes the Esco1-dependent cohesion 

pathway whereas the Esco2 function is not affected by Pds5 depletion (Minamino et al., 

2015). My data shows that Smc3 acetylation is largely carried out by Esco1, although 

depletion of both Esco1 and Esco2 has a bigger effect on prevention of acetylation than 

depletion of either protein (Figure 3.10). While Smc3 was acetylated as early as 

telophase when cells come out of mitosis (see Figure 4.3B, page 118), both Esco1 and 

Esco2 were seen to localise on chromatin only during interphase (Figure 3.3). It may be 

that as the nuclear envelope divides into two new daughter cells at the end of mitosis, 

de novo acetylation of the newly loaded chromatin-bound cohesin (Smc3) is carried out 

by Esco1, which is expressed throughout the cell cycle in vertebrates (Song et al., 2012; 

Whelan et al., 2012). The possible reason why Esco1 could not be detected by 

Immunofluorescence at telophase (Figure 3.3A) could be due to epitope masking upon  
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phosphorylation (Hou & Zou, 2005; Lyons & Morgan, 2011) and protein conformational 

change at mitosis. The Esco2 function may be more restricted to S-phase, where the 

protein seems to accumulate during the time that marks the period of DNA replication 

(see Figures 3.7, page 79, and 3.8, page 80), consistent with the finding that the protein 

is only expressed during S-phase (Hou F & Zou H, 2005; van der Lelij et al., 2009; Song 

et al., 2012; Whelan et al., 2012). 

Acetylation of Smc3 renders cohesin resistant to removal by Wapl, and hence locks the 

DNA exit gate (Rolef Ben-Shahar et al., 2008; Rowland et al., 2009; Sutani et al., 2009; 

Unal et al., 2008; Zhang et al., 2008). In mitosis, Smc3 is deacetylated by HDAC8/Hos1, 

following the removal of cohesin from chromatin (Beckouët et al., 2010). The 

establishment and maintenance of sister chromatid cohesion by Smc3 acetylation 

coupled with Sororin recruitment is important in ensuring bi-polar spindle attachment 

to kinetochores and prevention of precocious separation of chromosomes (Minamino 

M et al., 2015). 

Esco1 is recruited to chromatin by Pds5 (Minamino M et al., 2015). In yeast, Eco1/Ctf7 

(Esco1/Esco2 in humans) physically interacts with PCNA during DNA replication 

(Moldovan et al., 2006). The Eco1-PCNA interaction enables Eco1 to transiently bind to 

chromosomes and acetylate Smc3, thereby establishing cohesion (Lengronne et al., 

2006). In this sense, loss of acetyltransferases Esco1 and Esco2 should inhibit DNA 

replication. 

Interestingly, cohesin acetylation has been shown to speed the replication fork in 

mammalian cells (Terret et al., 2009). However, studies in Xenopus egg extracts showed 

that acetylation does not affect DNA replication (Lafont et al., 2010). My data shows 

that depletion of Esco1 and Esco2 proteins significantly reduces BrdU incorporation 

(Figure 3.11B) by a synchronised population of HeLa cells (Figure 3.11D), suggesting that 

loss of Esco1 and Esco2 proteins hinders DNA replication in mammalian cells. However, 

depletions of these proteins from asynchronous cells did not have any significant effect 

on BrdU incorporation (Figure 3.11C).  
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Further analysis of DNA replication in HeLa cells depleted of Esco1 and Esco2 proteins 

using DNA single fibre techniques showed a number of deformities in newly replicated 

DNA strands, including short labelled DNA fibres (Figure 3.12B iv, vii, and x) and (Figure 

3.12C) suggesting slow-moving replication forks, significant reduction in fork velocity 

(Figure 3.12D), significant increase in the number of stalled replication forks (Figure 

3.12B v and xi) and (Figure 3.12E) suggesting inhibition of fork progression, numerous 

intermittent gaps (Figure 3.12B vi, ix, and xii) indicating an increase in the number of 

stalled replication forks, and significant reduction in the number of interspaced fibres 

(Figure 3.12F) suggesting slowed DNA replication. 

The fact that DNA is labelled, although with numerous abnormalities such as stalled 

replication forks, reduced fork velocity, short labelled fibres, and intermittent gaps in 

the DNA fibres, shows that the origins of replication can still fire in the absence of Esco1 

and Esco2 proteins, indicating that these proteins are not required for initiation but 

progression of replication forks. Interestingly, depletion of Esco1 reduced Smc3 

acetylation more than depletion of Esco2 (Figure 3.10) despite that depletion of either 

protein reduced BrdU incorporation (Figure 3.11D) and slowed DNA replication (Figure 

3.12). The fact that depletion of Esco2 does not completely inhibit Smc3 acetylation 

(Figure 3.10) but reduces BrdU incorporation (Figure 3.11D) and delays DNA replication 

(Figure 3.12) shows that acetylation does not have an effect on DNA replication. 

The importance of cohesin acetylation to DNA replication (Terret et al., 2009) likely 

depends on the fact that it is coupled to the recruitment of cohesion establishment 

factors such as Sororin (Nishiyama et al., 2010; Ladurner et al., 2016). Crucially, Sororin’s 

recruitment to chromatin depends on Esco2 (Lafont et al., 2010) and cohesin has been 

shown to be present at replication origins and participates in DNA replication by 

regulating higher-order organisation of replication factories and modulating the size of 

chromatin loops that likely correspond to replicon units (Figure 1.13) (Guillou et al., 

2010). 

Given that the recruitment of Sororin depends on Esco2 (Lafont et al., 2010), and that 

Sororin is a cohesion establishment factor (Nishiyama et al., 2010), it is plausible to think 

that the depletion of Esco2 may have inhibited Sororin’s recruitment to chromatin and   
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establishment of sister chromatid cohesion, resulting in cohesin’s inability to regulate 

higher-order organisation of replication factories. This eventually resulted in fewer, 

longer chromatin loops, which ultimately slowed down DNA replication. Taken 

together, my data suggests that cohesin acetylation by Esco1 and Esco2 may be 

required but not essential for replication fork progression in mammalian cells. This 

result is in contrast to reports that cohesin acetylation speeds the replication forks 

(Terret et al., 2009). 

Failure to establish sister chromatid cohesion in S-phase results in poorly attached sister 

chromatids which can have consequences ranging from precocious chromosome 

separation to lagging chromosomes at anaphase. In the face of aberrant chromosome 

alignment at the metaphase plate, cells can activate the spindle assembly checkpoint 

and arrest in mitosis. This may be the reason why depletion of Esco1 and Esco2 from 

HeLa cells resulted 33 % of cells detaching from tissue culture plates (Figure 3.19B), 

whose immunofluorescence after BrdU labelling revealed no BrdU incorporation (see 

Figure A3, page 208). My data show that depletion of either Esco1, Esco2, or both Esco1 

and Esco2 results in precocious separation of sister chromatids (Figure 3.13A); this is 

consistent with results that were reported while my study was underway (Minamino M 

et al., 2015). The precocious chromosome separation observed is a result of failure of 

sister chromatid cohesion establishment, most likely due to loss of acetylation, as sister 

kinetochores from Esco1, Esco2, or both Esco1 and Esco2-depleted cells significantly 

drifted away from each other (Figures 3.13A and B). 

A check on chromatin organisation following depletion of Esco1 and Esco2 proteins 

revealed numerous chromatin abnormalities, including multilobed nuclei (Figure 3.14), 

multiple spindle poles (Figure 3.15), chromosomal bridges (Figure 3.16), and 

micronuclei (Figure 3.17), suggesting that in the absence of these proteins, chromatin 

organisation and chromosome segregation are impaired, resulting in phenotypes 

suggestive of aneuploidy (gain or loss of chromosomes). Aneuploidy is one of the most 

common hallmarks of cancer that has been documented in most malignancies. My data 

shows that acetyltransferases Esco1 and Esco2 are required for prevention of 

precocious sister chromatid separation and abnormal chromosome segregation  
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To maintain genome integrity, cells have evolved a number of mechanisms that ensure 

that defective DNA is not propagated and passed on to new daughter cells. The fatal 

consequences of loosely attached sister chromatids should therefore be dealt with 

before the onset of anaphase. Staining of HeLa mitotic shake-off cells with the 

Cytokeratin 18 antibody following siRNA treatment showed that depletion of either 

Esco1, Esco2, or both Esco1 and Esco2 proteins from HeLa cells activates the apoptotic 

response (Figures 3.18A and B). This was confirmed by cleavage of Caspase 3 (Figure 

3.18C). These results show that Esco1 and Esco2 are required for prevention of 

apoptosis.  

Surprisingly, depletion of either Esco1, Esco2, or both Esco1 and Esco2 proteins from 

primary cells, RPE1, did not cause cells to undergo apoptosis (Figure 3.18A, bottom 

panels). It is possible that in primary cells like RPE1, loss of Esco1 and Esco2 may initiate 

other cellular responses such as senescence, since these cells contain functional p53 

(Bodnar et al., 1998; Jiang et al., 1999; Liu et al., 2006) and are viable. My analysis of cell 

growth after depletion of Esco1 and Esco2 from RPE1 cells showed reduced growth in 

the absence of both proteins (Figure 3.19), suggesting that loss of acetylation inhibits 

cell proliferation. Staining for Senescence-Associated-β-Galactosidase activity following 

depletion of Esco1 and Esco2 from RPE1 cells showed that loss of these proteins 

activates senescence (Figure 3.20A, B, and C). Immunoblotting for senescence-

associated factors, p53, p21, and p16 (Macip et al., 2002; Althubiti et al., 2014), revealed 

higher expression of these proteins (Figure 3.20D), suggesting that depletion of Esco1 

and Esco2 from primary cells initiates senescence. 

Characterisation of Esco1 and Esco2 in the mammalian cell cycle has shed more light on 

the mechanistic consequences of cohesin acetylation. With contradictory reports 

emerging in the recent past regarding the extent to which loss of Smc3 acetylation 

affects normal cellular processes such as DNA replication (Lafont et al., 2010; Terret et 

al., 2009), this study provides further evidence about the relevance of Esco1 and Esco2 

in chromosome biology. Through this study, I have confirmed, as previously reported 

(Terret et al., 2009; Minamino et al., 2015), that Esco1 and Esco2 are required for DNA 

replication and prevention of precocious chromosome separation. Crucially, I have   
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demonstrated, for the first time, that not only are Esco1 and Esco2 proteins important 

for prevention of precocious sister chromatid separation, but also apoptosis and 

senescence. Overall, data from this study suggests that depletion of Esco1 and Esco2 

prevents Smc3 acetylation, which results in failure to establish sister chromatid 

cohesion; loosely attached sister chromatids may lead to either senescence (in primary 

cells) or apoptosis (in transformed cells). Cells that manage to evade the mitotic cell 

cycle arrest fail to align their chromosomes at the metaphase plate, resulting in 

precocious separation and aneuploidy.   

The disparity in cell fate observed after depletion of Esco1 and Esco2 has interesting 

implications. Recently, it was reported that there is a strong correlation between Esco1 

expression and bladder cancer (Zhang et al., 2016), and that Esco2 is one of the proteins 

that are highly upregulated in aggressive melanoma (Ryu et al., 2007). Since both 

primary (RPE1) and transformed (HeLa) cells employ normal cellular responses 

(apoptosis and senescence) to depletion of Esco1 and Esco2 to halt propagation of 

defective chromosomes, unwanted signalling mishaps can be selectively eliminated by 

targeting these proteins. For example, therapeutics aimed at alleviating tumour growth 

can exploit the fate of transformed (cancerous) cells following depletion of Esco1 and 

Esco2. Having Esco1 and Esco2 as cancer drug targets would only eliminate affected 

cells by targeting them for normal cell death (apoptosis). Of note, however, is the 

detrimental effects of Esco1 and Esco2 knockdown on normal development (Shen, 

2011; Pfau & Amon, 2012). Targeting and mitigating overly expressed Esco1 and Esco2 

mRNAs in malignancy to tolerable levels could be an exciting intervention. 

Future experiments should seek to explore protein localisation and cellular fate after 

mutating the phosphorylation sites of Esco1 and the KEN box of Esco2. Identifying the 

binding partners of Esco1 and Esco2 will help clarify how loss of acetylation results in 

apoptosis or senescence. Whether these cellular responses are merely a consequence 

of loosely attached sister chromatids remains speculative at the minute. It will also be 

important to determine if the delay in DNA replication observed after depletion of Esco1 

and Esco2 can be reversed by over expression of these proteins. Determining if loss of 

acetylation gives rise to DNA damage and whether or not in the face of damaged DNA 

cells lacking Esco1 and Esco2 can repair their DNA will be key to understanding whether 
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the delay in DNA replication observed after depletion of Esco1 and Esco2 only came as 

a result of failure to establish sister chromatid cohesion.  

Main conclusions from this Chapter: 

 The data in this chapter has shown that depletion of either Esco1 or Esco2 

prevents Smc3 acetylation, although by only a smaller fraction in Esco2-depleted 

cells, and results in a delay in DNA replication.  

 Depletion of either Esco1 or Esco2 results in precocious separation of sister 

chromatids, chromosome missegregation, and either apoptosis or senescence.   
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Chapter 4 - Pds5A and Pds5B are required for DNA  
     Replication 

4.1 Introduction 

Sister chromatid cohesion, mediated by the cohesin complex, is important for the 

maintenance of genome integrity (Shen, 2011). Without correct establishment and 

maintenance of sister chromatid cohesion, cells fail to correctly segregate their 

chromosomes during mitosis, resulting in aneuploidy (a hallmark of cancer) and 

congenital birth defects, collectively termed cohesinopathies (Shen, 2011; Pfau & 

Amon, 2012). The cohesin complex consists of four core subunits; these are Smc1, Smc3 

(members of the structural maintenance of chromosomes family of ATPases), the kleisin 

subunit Scc1/Rad 21 (sister chromatid cohesion 1), and stromal antigens Scc3/Psc3 (SA1 

or SA2 in humans) (Haering et al., 2002; Gruber et al., 2003). Additional proteins 

regulate the functions of cohesin; these include Pds5 (Pds5A and Pds5B in vertebrates), 

Wapl, Sororin, Sgo1, and Eco1 (Esco1 and Esco2 in humans).  

De novo association of cohesin with chromatin is mediated by the loader complex, Scc2-

Scc4, which loads cohesin onto chromatin during telophase (in vertebrates) or early G1 

(in budding yeast) (Gillespie & Hirano, 2004; Takahashi et al., 2004; Guacci et al., 1997; 

Michaelis et al., 1997). Before S-phase, the anti-establishment activity of Wapl, bound 

to Pds5, keeps cohesin in a dynamic state and prevents its stable association with 

chromatin (Nishiyama et al., 2010). Stable association of cohesin with chromatin and 

establishment of sister chromatid cohesion occurs following the acetylation of Smc3 by 

Esco1/Esco2 coupled with the recruitment of Sororin to chromatin once the replication 

fork passes through the cohesin ring (Nishiyama et al., 2010). Sororin binds to Pds5 and 

displaces Wapl, thereby establishing sister chromatid cohesion, which is maintained 

until mitosis (Nishiyama et al., 2010).   

In higher eukaryotes, two distinct pathways, the prophase pathway and the spindle 

assembly checkpoint (SAC)-mediated pathway, are responsible for the two-stage 

dissociation of cohesin from chromosomes (Nishiyama et al., 2010). In prophase, SA2 

and Sororin are phosphorylated by Polo-like kinase 1 (Plk1) and Cdk1, respectively  
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(Zhang et al., 2011). The phosphorylation of Sororin inhibits its ability to bind to Pds5 

and antagonise Wapl. This allows Wapl to bind to Pds5 and displace Sororin and remove 

cohesin from the chromosome arms. However, at the centromere, cohesin is protected 

from the prophase pathway by Shugoshin 1 (Sgo1), which recruits a serine/threonine 

protein phosphatase 2A (PP2A) that suppresses the phosphorylation of cohesin. During 

the metaphase-to-anaphase transition, following bipolar spindle attachment to sister 

kinetochores, ubiquitination of Securin by the anaphase promoting complex 

(APC)/Cyclosome frees Separase, which then cleaves the Scc1 subunit of centromeric 

cohesin, thereby triggering the segregation of chromosomes (Nishiyama et al., 2010).  

Although recent studies have increased our understanding of the molecular 

mechanisms that regulate sister chromatid cohesion and separation, the role of Pds5 in 

sister chromatid cohesion is only partially understood. Not only has Pds5 been 

implicated in establishing and maintaining sister chromatid cohesion (in yeast) but also 

in the release of cohesin from chromatin (Muir et al., 2016). In mammals, cohesin is 

dysfunctional in the absence of Pds5 (Carretero et al., 2013). Furthermore, mice 

deficient for either Pds5A or Pds5B fail to complete embryonic development and cells 

from Pds5B-null mice are characterised by aneuploidy and an impaired spindle 

assembly checkpoint (Carretero et al., 2013). Cohesin has a separate DNA entry and exit 

gate (Chan et al., 2012; Murayama & Uhlmann, 2015) and mediates DNA replication 

(Guillou et al., 2010). Upon recruitment to chromatin, Pds5 binds tightly to Scc1 and in 

close proximity to the Scc1-Smc3 interface. The disengagement of the Scc1-Smc3 

interface is thought to be required for the release of DNA from cohesin (Chan et al., 

2012; Buheitel & Stemmann, 2013; Chan et al., 2013; Eichinger et al., 2013). It is possible 

that Pds5 may regulate cohesin function by controlling the opening and closure of the 

Scc1-Smc3 interface. In both cases, modulation of ATP hydrolysis by the Smc1 and Smc3 

head domains, acetylation of Smc3, and recruitment of Wapl may be required (Shintomi 

& Hirano, 2009; Chan et al., 2013). 

Overall, Pds5 seems to be an important point of convergence for diverse cohesin 

functions. Previous work (unpublished) in our lab has implicated Pds5 in DNA 

replication. In the current study, I have used an siRNA approach to analyse the role of 

Pds5 proteins in DNA replication in mammalian cells. My results show that depletion of 
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either Pds5A or Pds5B results in DNA damage which activates the intra-S-phase DNA 

damage checkpoint and slow down DNA replication. Depletion of both Pds5A and Wapl 

rescues the defect in DNA replication observed when Pds5A is depleted alone. These 

results led me to conclude that during DNA replication, Pds5, bound to Wapl, is required 

for the disengagement of the DNA exit gate, the interface between Scc1 and Smc3 

(Buheitel & Stemmann, 2013), and normal cohesin conformational change upon Smc3 

acetylation, thereby facilitating the passage of the replication fork through the cohesin 

ring and establishment of sister chromatid cohesion.  
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4.2 Results  

4.2.1 The Intracellular localisation and chromatin association of Pds5 is cell cycle 
regulated 

Pds5 has been shown to regulate the establishment, maintenance, and removal of 

cohesin from chromatin (Panizza et al., 2000; Chan et al., 2013). In this sense it should 

associate with DNA during the time when cohesin is bound to chromatin and regulate 

cohesin function. On chromatin, Pds5 occurs as a complex with either Wapl or Sororin, 

in close proximity to the Scc1-Smc3 interface (Buheitel & Stemmann, 2013). Scc1, one 

of Pds5’s known binding partners on cohesin, has been shown to undergo proteolytic 

cleavage and dissociation from chromatin during mitosis (Nishiyama et al., 2010). If 

Scc1, which recruits Pds5 to chromatin and provides a binding platform for Pds5 on 

cohesin, undergoes proteolytic cleavage at the end of mitosis, a similar mechanism 

should mediate Pds5’s interaction with chromatin during the cell cycle.  

To confirm whether Pds5 has the same intracellular localisation pattern as cohesin 

during the cell cycle, I fixed asynchronous HeLa cells as described in Materials and 

Methods and stained them with antibodies raised against Pds5A, Pds5B, Wapl, Smc3, 

and acetylated Smc3 (Ac-Smc3). These commercial antibodies were previously 

validated in our lab and were found to be specific. Wapl and Smc3 were stained for 

because they occur as a complex with Pds5 (Kueng et al., 2006a; Nishiyama et al., 2010), 

and Ac-Smc3 was stained for because Pds5 recruits Esco1 (Minamino et al., 2015) to 

chromatin which acetylates Smc3 during S-phase (Minamino et al., 2015). Both Pds5A 

and Pds5B localised to chromatin during interphase but as cells entered mitosis they 

dissociated from chromatin at either prophase (Pds5A) or anaphase (Pds5B) and re-

associated with chromatin at telophase (Figure 4.1).  

Surprisingly, of the two Pds5 orthologs, Pds5A had a shorter chromatin residence time; 

it dissociated from chromatin at prophase (Figure 4.1A) whereas Pds5B localised to 

chromatin until metaphase (Figure 4.1B). This disparity in localisation displayed by the  
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Figure 4.1 Pds5 dissociates from chromatin during mitosis 

(A and B) Immunofluorescence images of asynchronous HeLa cells showing the intracellular 
localisation of Pds5A and Pds5B, respectively. Cells were fixed in Formaldehyde (3.7 % v/v) and 
permeabilised with Triton X-100 (0.1 % v/v) before being blocked with BSA (5 % w/v) and stained 
with either anti-Pds5A or anti-Pds5B antibody (green). DNA was stained with Hoechst 33342 

(blue). Merged images are shown in the last panel in A and B. Scale bar: 10 m. This figure is 
representative of three independent experiments. 
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Pds5 paralogs may imply differential cohesin regulation or spatial distribution of the 

two proteins.  

As expected, Wapl dissociated from chromatin at metaphase (Figure 4.2), before re-

associating with chromatin at telophase, like Pds5A (Figure 4.1). Smc3 dissociated from 

chromatin at prophase (Figure 4.3A) while Ac-Smc3 persisted on chromatin until 

metaphase (Figure 4.3B). This may represent centromeric cohesin which remains bound 

to chromatin after prophase to enable bi-polar spindle attachment to kinetochores in 

metaphase (McGuinness et al., 2005).  

My data indicates that Pds5 proteins are nuclear during interphase and that their 

chromatin association decreases as cells progress through mitosis. This is similar to 

published data that report the temporal association of cohesin with chromatin in 

interphase and dissociation during mitosis (Nishiyama et al., 2010; Zhang et al., 2011). 

The distribution of Pds5A and Pds5B also suggests that the two proteins may not be 

redundant; although not confirmed, it is possible that Pds5A may be more abundant on 

the chromosome arms while Pds5B may be mostly associated with centromeric cohesin. 

Indeed, while this study was underway another lab reported the specific requirement 

of Pds5B for centromeric cohesion (Carretero M et al., 2013). Together, my results show 

that the intracellular localisation of Pds5 proteins is cell cycle regulated. 

To further confirm the association and dissociation of the Pds5 proteins from chromatin 

I first analysed the endogenous levels of Pds5 proteins during the cell cycle by arresting 

exponentially growing HeLa cells at specific stages of the cell, G1/S or M-phase (Figure 

4.4 A-C). Protein samples were resolved by SDS-PAGE and immuno-blotted with 

antibodies raised against Pds5A, Pds5B, Wapl, Sororin, Smc1, Smc3, Scc1, Ac-Smc3, and 

ɣ-Tubulin (Figure 4.4 D-K). There was no change observed in protein levels of Pds5A, 

Pds5B, and Wapl in interphase and at mitosis (Figure 4.4 D-F). There was also no change 

in protein levels of the cohesin core subunits, Smc1 and Smc3, in interphase and at 

mitosis (Figure 4.4 H and I). Sororin protein levels increased in S-phase, and the protein 

exhibited a mobility shift at mitosis (Figure 4.4 G). This could be due to protein 

phosphorylation during mitosis as has been reported (Dreier et al., 2011). Consistent 

with previous reports, Scc1  
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Figure 4.2 Wapl dissociates from chromatin during mitosis 

Immunofluorescence images of asynchronous HeLa cells showing the intracellular localisation 
of Wapl. Cells were fixed in Formaldehyde (3.7 % v/v) and permeabilised with Triton X-100 (0.1 
% v/v) before being blocked with BSA (5 % w/v) and stained with a Wapl antibody (green). DNA 
was stained with Hoechst 33342 (blue). Merged images are shown in the last panel. Scale bar: 

10 m. This figure is representative of three independent experiments.   
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Figure 4.3 Smc3 dissociates from chromatin and gets deacetylated during mitosis 

(A and B) Immunofluorescence images of asynchronous HeLa cells showing the intracellular 
localisation of Smc3 and acetylated Smc3 (Ac-Smc3), respectively. Cells were fixed in Methanol 
before being blocked with BSA (5 % w/v) and stained with either anti-Smc3 or anti-Ac-Smc3 
antibody (green). DNA was stained with Hoechst 33342 (blue). Merged images are shown in the 

last panel in A and B. Scale bar: 10 m. This figure is representative of three independent 
experiments.  
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protein levels decreased in mitotically arrested cells (Figure 4.4 J), an indication that the 

protein is regulated by proteolytic degradation at mitosis (Peters et al., 2008; Onn et al., 

2008). As expected, Smc3 was deacetylated during mitosis (Figure 4.4 K), the time when 

HDAC1/Hos1 recycles cohesin via deacetylation of Smc3 in readiness for the next cell 

cycle (Zhang & Pati, 2012).  This data showed that, like the cohesin core subunits Smc1 

and Smc3 (Peters et al., 2008; Onn et al., 2008), Pds5A and Pds5B total protein levels 

remain unchanged in interphase and at mitosis. To specifically demonstrate this, I 

arrested asynchronous HeLa cells at the G1/S boundary and monitored their 

progression at intervals during the cell cycle for 24 h after release from the block (Figure 

4.5A). Mitosis occurred at 12 h after release from Aphidicolin block as indicated by the 

phosphorylation of Histone H3 (p-Histone H3) and exit from mitosis occurred at 15 h as 

indicated by cyclin B degradation. My immunoblot data revealed uniform levels of 

Pds5A and Pds5B throughout the cell cycle, like the cohesin core subunits Smc1 and 

Smc3 (Figure 4.5B). The Scc1 protein levels decreased in mitosis (12 h), an indication of 

proteolytic cleavage, possibly by caspases (Chen et al., 2002; Uhlmann et al., 1999). 

(Chen F et al., 2002). These results showed that Pds5 proteins are not degraded during 

the cell cycle even as cohesin is removed from chromatin, an indication that cohesin 

function is not regulated by changes in expression levels of the Pds5 proteins.  

Next, I optimised the protocol for preparing soluble and chromatin fractions and 

checked the purity of the two normalised protein fractions by immuno-blotting with 

anti-α-Tubulin and anti-Histone H3 antibodies (Figure 4.6A). The α-Tubulin immunoblot 

data indicated that the HeLa soluble proteins had been successfully separated from 

chromatin associated proteins, while the Histone H3 result indicated that the 

chromatin-bound proteins had been successfully extracted and were free of 

contaminating cytoplasmic proteins. Taken together, these results showed that 

fractionation of soluble and chromatin associated proteins had been successful. I then 

synchronised and released HeLa cells from the G1/S block and monitored their 

progression through the cell cycle by FACS (Figure 4.6B). Cell lysates were fractionated 

and the soluble and chromatin fractions immuno-blotted with antibodies raised against 

Pds5A, Pds5B, cohesin (Smc1, Smc3, Scc1, and Ac-Smc3), and some of the cohesin 

associated proteins (Wapl, Sororin, Esco1, and Esco2) (Figure 4.6C).   
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Figure 4.4 Endogenous Pds5 protein levels are identical in interphase and at mitosis 

(A-C) FACS profile of asynchronous, Aphidicolin (5 g/ml), and Nocodazole (1 g/ml)-arrested 
HeLa cells. Cells were fixed in Ethanol (70 % v/v) and stained with Propidium Iodide before FACS 
with the NucleoCounter® NC-3000TM. (D-K) Western blot of HeLa cell lysates synchronised as 
described in (A-C). Cells were lysed in RIPA buffer prior to Western blotting with either anti-
Pds5A, anti-Pds5B, anti-Wapl, anti-Sororin, anti-Smc1, anti-Smc3, anti-Scc1, anti-Ac-Smc3, anti-

-Tubulin, or anti--Tubulin antibody. This figure is representative of four independent 
experiments. 
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Figure 4.5 Endogenous Pds5 protein levels are constant during the cell cycle 

(A) FACS profile of HeLa cells following release from a 24 h-Aphidicolin (5 g/ml) block. 

Asynchronous and Nocodazole (1 g/ml)-arrested cells were also profiled. Cells were fixed in 
Ethanol (70 % v/v) and stained with Propidium Iodide before FACS with the NucleoCounter® NC-

3000TM. (B) Western blot of HeLa cell lysates after release from a 24 h-Aphidicolin (5 g/ml) 
block. Cells were lysed in RIPA buffer prior to Western blotting with either anti-Pds5A, anti-

Pds5B, anti-Smc1, anti-Smc3, anti-Scc1, anti-Cyclin B1, anti-phospho-Histone H3, or anti--
Tubulin antibody. *= non-specific binding. This figure is representative of two independent 
experiments. 
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Like the cohesin core subunits (Smc1, Smc3, and Scc1), Pds5A and Pds5B protein levels 

on chromatin decreased as cells entered mitosis (12 h), before reappearing on 

chromatin as cells exited mitosis (15 h). This pattern was also observed for cohesion 

establishment factors Sororin and Esco1. However, the Wapl, Esco2, and Ac-Smc3 

protein levels, which increased from 0-6 h after release from the block, declined steadily 

as cells progressed through the cell cycle, with Esco2 exhibiting doublet bands (studied 

further in Chapter 3) on chromatin at the end of mitosis. The Wapl result is consistent 

with studies that show that the protein dissociates from chromatin from prophase until 

telophase (Kueng et al., 2006a). 

These results indicate that Pds5, the cohesin core complex, as well as other cohesin 

regulatory proteins dissociate from chromatin during mitosis. Smc3 acetylation could 

be one of the many mechanisms by which cells distinguish which cohesin heterodimers 

associate with chromatin. My Pds5, cohesin core complex (Smc1, Smc3, and Scc1), and 

cohesin regulatory protein (Wapl, Sororin, Esco1, and Esco2) results are consistent with 

published data that propose a complete separation of cohesin from chromatin during 

mitosis (Nasmyth, 2005; Alberts, 2008; Peters et al., 2008; Nishiyama et al., 2010). The 

Pds5, Wapl, Smc3 and Ac-Smc3 immunoblot results are also consistent with my 

immunofluorescence data (Figures 4.1, 4.2, and 4.3) that suggest a complete separation 

of these proteins from chromatin during mitosis. Collectively, my results show that the 

association and dissociation of Pds5 proteins from chromatin is cell cycle regulated.     
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Figure 4.6 Pds5 proteins have low chromatin affinity at mitosis 

(A) Western blot of HeLa cell lysates following optimisation of fractionation of soluble and 
chromatin proteins. Asynchronous HeLa cells were lysed in RIPA buffer, Cell Lysis Buffer-B (LBB), 
or Chromatin Extraction Buffer-C (LBC) to prepare total lysates, soluble, or chromatin fractions, 

respectively. The purity of the soluble and chromatin fractions was analysed using the -Tubulin 
and Histone H3 antibodies. (B) FACS profile of HeLa cells following release from a 24 h-

Aphidicolin (5 g/ml) block. Asynchronous and Nocodazole (1 g/ml)-arrested cells were also 
profiled. Cells were fixed in Ethanol (70 % v/v) and stained with Propidium Iodide before FACS 
with the NucleoCounter® NC-3000TM. (C) Western blot of HeLa cell lysates after release from a 

24 h-Aphidicolin (5 g/ml) block. Cells were lysed in Cell Lysis Buffer-B (LBB) to prepare soluble 
fractions or resuspended in Chromatin Extraction Buffer-C (LBC) to prepare chromatin fractions. 
Protein levels in both soluble and chromatin fractions during the time-course were analysed 
using antibodies raised against cohesin and cohesin associated proteins, as shown. This figure 
is representative of two independent experiments.   
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4.2.2 Depletion of Pds5 delays DNA replication 

Pds5 is an essential component of the cohesin complex; it is necessary for sister 

chromatid cohesion establishment, maintenance, and resolution (Panizza et al., 2000). 

Cohesin has been shown to be necessary for efficient DNA replication during S-phase 

(Guillou et al., 2010; Sherwood et al., 2010). It is unclear whether important cohesin 

regulatory proteins such as Pds5A and Pds5B are required for DNA replication. Previous 

work (unpublished) in our lab showed that siRNA-mediated depletion of either Pds5A 

or Pds5B in HeLa cells prolonged S-phase.   

To test whether Pds5A and Pds5B proteins have a role in DNA replication, I depleted 

Pds5A and Pds5B individually or both together using a pool of four small interfering 

RNAs (siRNAs). My immunoblot data showed successful depletion of both Pds5A and 

Pds5B proteins (Figure 4.7). I then analysed DNA replication in either an asynchronous 

or synchronised population of HeLa cells depleted of Pds5 proteins by labelling them 

with the thymidine analog 5’-Bromo-2’-deoxyuridine (BrdU) (Figures 4.8A and B). For 

both asynchronous (Figure 4.8C) and synchronised HeLa cells (Figure 4.8D) there was a 

significant reduction in BrdU incorporation in Pds5 depleted cells compared to control 

siRNA-treated cells. This data suggested that the absence of Pds5 proteins inhibited 

DNA replication.  

To further test the requirement for Pds5 proteins in S-phase, I blocked both the control 

and Pds5-depleted HeLa cells at the G1/S boundary before labelling them with BrdU 

and monitoring the progression of the labelled cells in S-phase for 2 h following release 

from the block (Figure 4.9A and B). My data showed that 90 % of control cells completed 

S-phase in 1 h, compared to 25 % and 20 % of Pds5A and Pds5B-depleted cells, 

respectively, that completed S-phase within that interval (Figure 4.9C). These data 

showed that in the absence of Pds5 proteins, DNA replication is slow. To determine 

whether the reduction in BrdU incorporation observed after depletion of Pds5 resulted 

from the inhibition of origin firing or the slow movement of replication forks, I employed 

DNA single fibre analysis for synchronised population of HeLa cells depleted of Pds5A 

and Pds5B proteins. I sequentially labelled Pds5-depleted cells with Iododeoxyuridine 

(IdU) and Chlorodeoxyuridine (CIdU) for 30 min each following release from Aphidicolin  
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block (Figure 4.10A). I extracted and stretched the DNA before labelling it with 

antibodies raised against IdU and CIdU. Single fibre analysis revealed four major 

differences between control and Pds5-depleted cells (Figure 4.10B). Compared to 

control cells (Figure 4.10B i-iii), Pds5-depleted cells were characterised by short labelled 

DNA fibres (Figure 4.10B iv and vii) and (Figure 4.10C), indicating slow-moving 

replication forks. Calculation of the replication fork velocity showed a significant 

reduction from 0.59 kb/min in the control cells to 0.39 kb/min and 0.36 kb/min in the 

synchronised population of Pds5A and Pds5B-depleted cells, respectively (Figure 

4.10D).  

Furthermore, there was a significant increase in the number of stalled replication forks 

(single labelled) in the Pds5A and Pds5B-depleted cells compared to control cells (Figure 

4.10B v and viii) and (Figure 4.10E), suggesting that the absence of Pds5 proteins does 

not inhibit origin firing but fork progression. Labelled DNA fibres derived from Pds5-

depleted cells were also characterised by numerous intermittent gaps (Figure 4.10B vi 

and ix), indicating an increase in the number of stalled replication forks and firing of 

other origins.  

Additionally, there was a significant reduction in the number of interspaced fibres for 

labelled DNA derived from the Pds5-depleted cells, compared to control siRNA-treated 

cells (Figure 4.10F), suggesting slowed DNA replication. Together, these results showed 

that Pds5 proteins are required for DNA replication; the absence of Pds5 proteins does 

not inhibit origin of replication firing but efficient fork progression. 
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Figure 4.7 siRNA-mediated depletion of Pds5 proteins 

Western blot of HeLa cell lysates following a 48 h-transfection with 50 nM of either control, 
Pds5A, Pds5B, or a mixture of both Pds5A and Pds5B siRNAs. Cells were lysed in RIPA buffer and 

a Western blot performed using either anti-Pds5A, anti-Pds5B, or anti--Tubulin antibody. U = 
Untreated, C = control, 5A = Pds5A, and 5B = Pds5B. This figure is representative of three 
independent experiments.    
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Figure 4.8 Depletion of Pds5 proteins affects DNA replication 

(A) Schematic representation of BrdU (1 µM) incorporation assay in a synchronised population 
of HeLa cells depleted of Pds5 proteins. (B) Immunofluorescence images of BrdU (1 µM)-labelled 
HeLa cells following a 48 h treatment with 50 nM of either control or Pds5A siRNAs. Similar 
results as shown in the last panel were obtained with Pds5B siRNA treatment. Cells were fixed 
in Methanol and stained with anti-BrdU antibody (green). DNA was stained with Hoechst 33342 

(blue). Scale bar: 10 m. (C and D) Histograms showing quantitation of data in (B). The 
mean+s.e.m of at least 100 cells counted in randomly selected fields is shown. *P < 0.05, **P < 
0.01 compared to control siRNA-treated cells; P values were calculated using a two-tailed 
Student t-test. This figure is representative of three independent experiments.  
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Figure 4.9 Depletion of Pds5 proteins delays DNA replication 

(A) Schematic representation of BrdU (1 µM) incorporation assay in a synchronised population 
of HeLa cells depleted of Pds5 proteins. (B) Merged immunofluorescence images of BrdU (1 
µM)-labelled, Pds5-depleted HeLa cells at the indicated times after release from Aphidicolin (5 

g/ml) block. Cells were fixed in Methanol and stained with anti-BrdU antibody (green). DNA 

was stained with Hoechst 33342 (blue). Scale bar: 10 m. (C) Graph showing quantitation of 
data in (B). At least 100 cells were counted in randomly selected fields. Each point represents 
the mean ± s.e.m of three independent experiments. 
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Figure 4.10 Cells depleted of Pds5 proteins are characterised by defective DNA strands and 
reduced rate of replication 

(A) Schematic representation of DNA single fibre assay in a synchronised population of Pds5-
depleted HeLa cells. (B) Immunofluorescence images of DNA replication forks (red = IdU, 25 µM 
and green = CIdU, 250 µM) observed in HeLa cells following a 48 h-treatment with 50 nM of 

either control, Pds5A, or Pds5B siRNAs and release from Aphidicolin (5 g/ml) block, showing 
(i) elongating fork, (ii) fork termination, and (iii) interspaced fibre. Cells were lysed in DNA Fibre 
Lysis Buffer, fixed in Carnoy’s solution (3:1 v/v Methanol: Acetic acid), and hydrolysed in HCl 
(2.5 M) before being blocked with BSA (5 % w/v) and stained with either Fitc-conjugated-anti-
BrdU (green) or anti-BrdU antibody (red). White arrows indicate direction of fork movement. 

Scale bar: 20 m. (C) Box plot showing a reduction in DNA fibre lengths in Pds5-depleted cells. 
(D) Dot plot showing a reduction in replication fork velocities in Pds5-depleted cells. (E) 
Histogram showing an increase in the number of stalled replication forks in Pds5-depleted cells. 
(F) Histogram showing a reduction in the number of interspaced DNA fibres in Pds5-depleted 
cells. For the data set C-F, the mean ± s.e.m of at least 100 DNA fibre tracts counted in randomly 
selected fields is shown. *P < 0.05, **P < 0.01, ****P < 0.0001 compared to control siRNA-
treated cells. P values were calculated using a two-tailed Student t-test. This figure is 
representative of three independent experiments.  
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4.2.3 Depletion of Wapl rescues the delay in DNA replication observed after 
depletion of Pds5A.   

Pds5 proteins form a complex with Wapl which destabilises the binding of cohesin to 

chromatin before DNA replication (Gandhi et al., 2006; Kueng et al., 2006a). The Pds5-

Wapl complex also actively removes cohesin from the chromosome arms during 

prophase (Gandhi et al., 2006; Kueng et al., 2006a). However, recent studies in yeast 

have shown that the Pds5-Wapl complex facilitates cohesin loading, and that 

individually, the two proteins have opposing effects on cohesin-chromatin interaction 

(Murayama & Uhlmann, 2015). Pds5 competes with the Scc2-Scc4 complex for cohesin 

binding and inhibits the loading of cohesin onto chromatin, although it does not form a 

stable complex with cohesin (Murayama & Uhlmann, 2015). Wapl compensates for 

Pds5’s inhibitory cohesin loading effect and restores cohesin loading (Murayama & 

Uhlmann, 2015). Recently, it has been found that Wapl inactivation speeds up DNA 

replication in both yeast and human cells (Lopez-Serra et al., 2013; Manning et al., 

2014). 

How Wapl’s absence from chromatin supports DNA replication remains unclear, given 

that it facilitates cohesin loading onto chromatin (Murayama & Uhlmann, 2015). One 

possibility is that inactivation of Wapl allows stable binding of cohesin to chromatin by 

negating its cohesin removal activity in complex with Pds5 before S-phase (Nishiyama 

et al., 2010). Whether inactivating both Pds5 and Wapl reverses the effects of depleting 

Pds5 alone is unknown. To test this, I initially depleted Wapl and Pds5A separately and 

both together from HeLa cells using a pool of four siRNAs. After a 24 h-block with 

Aphidicolin, I released the cells from the block and monitored their progression through 

S-phase for 8 h before lysing them to prepare soluble and chromatin fractions for 

Western blotting (Figure 4.11).  

Analysis of factors bound to chromatin revealed that cells depleted of Pds5A alone 

recruited more Esco1 to chromatin, compared to cells depleted of either Wapl or both 

Wapl and Pds5A (previous studies in the lab, unpublished data). There was also more 

Esco2 recruitment to chromatin in cells depleted of both Pds5A and Wapl than in cells 

depleted of Wapl alone. Cells depleted of Wapl and both Pds5A and Wapl recruited less 
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cohesin (Scc1 and Smc3) to chromatin compared to control cells. However, cells 

depleted of Wapl alone had more Scc1 at 8 h compared to cells where both Pds5A and 

Wapl were depleted, indicating that cohesin still stably associated with chromatin in 

mitosis. Furthermore, cells depleted of Pds5A or Wapl alone displayed persistent Smc3 

acetylation from 0 to 8 h, and Ac-Smc3 showed transient association with chromatin 

when Wapl was depleted together with Pds5A. More Sororin was recruited to 

chromatin when Wapl and Pds5A were depleted together. The fact that less Scc1 and 

Smc3 were recruited to chromatin but persisted for a longer period in Wapl-depleted 

cells compared to control siRNA-treated cells shows that Wapl depletion allows cohesin 

stabilisation on chromatin, possibly due to failure to disengage the DNA exit gate by 

cells lacking Wapl. 

I then analysed DNA replication by BrdU incorporation assay after depletion of Pds5 and 

Wapl. Following depletion of Wapl from asynchronous population of HeLa cells, I 

resolved the protein samples by SDS-PAGE before immuno-blotting with antibodies 

raised against Wapl and α-Tubulin. My immunoblot (Figure 4.12A) data showed 

successful depletion of Wapl. I analysed DNA replication by BrdU labelling (Figure 4.12B) 

of either asynchronous or synchronised population of HeLa cells depleted of Wapl. 

There was no significant difference in BrdU incorporation for both asynchronous (Figure 

4.12C) and synchronised (Figure 4.12D) population of HeLa cells depleted of Wapl, 

compared to control siRNA-treated cells, suggesting that Wapl depletion has no effect 

on DNA replication. I next depleted Pds5A and Wapl individually and both together from 

an asynchronous population of HeLa cells before labelling them with BrdU. My 

immunoblot (Figure 4.13A) results showed successful depletion of both Pds5A and Wapl 

proteins. Analysis of BrdU incorporation (Figure 4.13B) following depletion of Pds5A and 

Wapl showed an increase in the number of cells taking up BrdU when both Pds5A and 

Wapl are depleted together, compared to when Pds5A is depleted alone (Figure 4.13C). 

While there was a significant difference in BrdU incorporation between control siRNA 

and Pds5A-depleted cells, no significant difference in BrdU incorporation between 

control siRNA-treated cells and cells depleted of both Pds5A and Wapl was observed. 

This result showed that the delay in DNA replication observed after depleting Pds5A 

alone was rescued by the depletion of both Wapl and Pds5A together.
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Figure 4.11 Depletion of both Pds5A and Wapl promotes Smc3 deacetylation 

Western blot of HeLa cell lysates after release from a 24 h-Aphidicolin (5 g/ml) block. Cells were lysed in Cell Lysis Buffer-B (LBB) to prepare soluble fractions 
or resuspended in Chromatin Extraction Buffer-C (LBC) to prepare chromatin fractions. Protein levels in both soluble and chromatin fractions during the time-
course were analysed using antibodies raised against cohesin and cohesin associated proteins, as shown. *= non-specific binding. This figure is representative 
of one experiment. 
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Figure 4.12 Depletion of Wapl does not inhibit DNA replication 

(A) Western blot of HeLa cell lysates following a 48 h-transfection with 50 nM of either control 
or Wapl siRNAs. Cells were lysed in RIPA buffer and Western blot was carried out using either 

anti-Wapl or anti--Tubulin antibody. (B) Immunofluorescence images of BrdU (1 µM)-labelled 
HeLa cells following a 48 h-treatment with 50 nM of either control or Wapl siRNAs. Cells were 
fixed in Methanol and stained with anti-BrdU antibody (green). DNA was stained with Hoechst 

33342 (blue). Scale bar: 10 m. (C and D) Histograms showing quantitation of data in (B). The 

mean+s.e.m of at least 100 cells counted in randomly selected fields is shown. nsP > 0.05; P 

values were calculated using a two-tailed Student t-test. U = Untreated, and C = control. This 
figure is representative of three independent experiments.  
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Figure 4.13 Depletion of Wapl rescues the DNA replication inhibition observed after depletion 
of Pds5A 

(A) Western blot of HeLa cell lysates following a 48 h-transfection with 50 nM of either control, 
Pds5A, Wapl, or both Pds5A and Wapl siRNAs. Cells were lysed in RIPA buffer and Western blot 

was carried out using either anti-Wapl, anti-Pds5A, or anti--Tubulin antibody. (B) 
Immunofluorescence images of BrdU (1 µM)-labelled HeLa cells following a 48 h-treatment with 
50 nM of either control, Pds5A, Wapl, or both Pds5A and Wapl siRNAs. Cells were fixed in 
Methanol and stained with anti-BrdU antibody (green). DNA was stained with Hoechst 33342 

(blue). Scale bar: 10 m. (C) Histogram showing quantitation of data in (B). The mean+s.e.m of 

at least 100 cells counted in randomly selected fields is shown. *P < 0.05, nsP > 0.05 compared 

to control siRNA-treated cells; P values were calculated using a two-tailed Student t-test. This 
figure is representative of three independent experiments. 
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4.2.4 Depletion of Pds5 induces the DNA damage response and is characterised by 
DNA single strand breaks 

Pds5 proteins are crucial in cohesin regulation; they have both establishment (when 

bound to Sororin) and anti-establishment (when bound to Wapl) roles in sister 

chromatid cohesion. Cohesin loading is required for the integrity of the DNA damage 

checkpoints (Lightfoot et al., 2011). However, it is unclear whether sister chromatid 

cohesion is essential for replication fork stability. Given the significance of Pds5’s role 

in the establishment of sister chromatid cohesion during S-phase, it is plausible to think 

that the delay in DNA replication observed earlier (Figures 4.8, 4.9, and 4.10) resulted 

from altered cohesin structures and unstable replication forks that might have possibly 

activated the intra-S-phase DNA damage checkpoint response. Unstable replication 

forks are a prime source of DNA damage in both prokaryotes and eukaryotes (Heller & 

Marians, 2006).   

In the presence of stalled replication forks or DNA damage, eukaryotic cells maintain 

the stability of the genome by activation of the intra S-phase checkpoint that suppresses 

the firing of origins and stabilises stalled forks (Errico & Costanzo, 2012). Key 

components of this checkpoint include the DNA damage-sensing kinase ATR and its 

downstream effector kinase Chk1 (Gonzalez Besteiro & Gottifredi, 2015). To check for 

the presence of DNA damage after depletion of Pds5 proteins, I prepared total protein 

lysates for Western blotting with a phospho-specific antibody that recognizes Chk1, a 

kinase activated by ATR in response to DNA damage (Smith et al., 2010; Gonzalez & 

Gottifredi, 2015). My immunoblot data showed that Chk1 was phosphorylated in Pds5-

depleted cells (Figure 4.14A). This indicates that the absence of Pds5 proteins may cause 

DNA replication stress or other types of DNA damage, possibly due to defective DNA 

replication, which then activates the DNA damage checkpoint response. 

To determine the kind of DNA damage that results from the loss of Pds5 proteins, I 

subjected asynchronous HeLa cells depleted of Pds5A and Pds5B proteins to Single Cell 

Gel Electrophoresis (Comet Assay) under alkaline conditions as described in Materials 

and Methods. My results showed that cells depleted of Pds5A and Pds5B proteins had  
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longer migration smears (comet tails) compared to control siRNA-treated cells (Figure 

4.14B), indicating that loss of Pds5 proteins generated a faster migrating form of DNA.  

Further analysis revealed a significant amount of DNA content in comet tails of Pds5A 

and Pds5B-depleted cells compared to control siRNA-treated cells (Figure 4.14C; see 

also Figure A4, page 209), implying accumulation of faster migrating form of DNA in the 

comet tails of Pds5-depleted cells. This data showed that depletion of Pds5A and Pds5B 

proteins results in DNA damage (single strand breaks). An ongoing study in our lab 

(unpublished) has also shown that Histone H2AX is phosphorylated upon depletion of 

Pds5 proteins, indicating that loss of Pds5 proteins also induces DNA double strand 

breaks. Taken together, my results suggest that depletion of Pds5 proteins generated 

DNA strand breaks which then activated the intra S-phase DNA damage checkpoint that 

slowed DNA replication. This result is novel; it is the first time I am demonstrating the 

requirement for Pds5 proteins for the maintenance of chromatin integrity and 

consequently DNA replication progression.   
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Figure 4.14 Depletion of Pds5 proteins induces DNA damage 

(A) Western blot of HeLa cell lysates following a 48 h-transfection with 50 nM of either control, 
Pds5A, or Pds5B siRNAs. Cells were lysed in RIPA buffer and Western blot was carried out using 

either anti-Pds5A, anti-Pds5B, anti-P-Chk1, anti-Chk1, or anti--Tubulin antibody. (B) Comet 
images of Propidium Iodide (1 mg/ml)-labelled HeLa cells following a 48 h-treatment with 50 
nM of either control or Pds5A siRNAs. Similar results were obtained with cells depleted of the 
Pds5B protein. Cells were mixed with low melting point agarose prior to electrophoresis in ice-
cold alkali buffer at 30V, 300mA for 20 min. Control cells were also X-Ray irradiated (10 Gy). 

Scale bar: 10 m. (C) Histogram showing quantitation of data in (B). The mean+s.e.m of at least 
100 cells scored in randomly selected fields is shown. **P < 0.01, ***P < 0.001 ****P < 0.0001. 
P values were calculated using a two-tailed Student t-test. This figure is representative of one 
experiment. 
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4.2.5 Discussion  

Pds5 is a highly conserved cohesin subunit whose role in the regulation of sister 

chromatid cohesion is still poorly understood. Studies so far have shown that it is 

involved in regulating a number of cohesin functions ranging from sister chromatid 

cohesion establishment to maintenance and resolution (Panizza et al., 2000). Cohesin 

dysregulation has not only been shown to cause congenital birth defects (Shen, 2011; 

Pfau & Amon, 2012), but also cancerous phenotypes (Thol F et al., 2014; Thota S et al., 

2014). Previous work (unpublished) in our lab showed that depletion of Pds5 proteins 

in HeLa cells prolonged S-phase. In this study I sought to investigate the role of Pds5 

proteins in DNA replication. The role of Pds5 proteins in DNA replication has not been 

clearly investigated before. I report the requirement for Pds5 proteins in DNA 

replication in mammalian cells. 

4.2.5.1 Dynamics of cohesin regulatory proteins during the cell cycle.  

The cohesin core subunits are loaded onto chromatin in telophase in mammalian cells 

(see Figures 1.6, page 19, and 5.1, page 157). However, the cohesin regulatory proteins 

are loaded onto chromatin at different stages of the cell cycle and their maintenance 

and removal follow a pattern that ensures fidelity of the sister chromatid cohesion 

(Zhang & Pati, 2012). Consistent with this notion, my data shows that in mammalian 

cells Pds5 proteins are loaded onto chromatin during telophase; they localise to 

chromatin during interphase and dissociate from chromatin as cells enter mitosis 

(Figure 4.1).  

Although both Pds5 orthologs localise to chromatin during interphase, Pds5A (Figure 

4.1A) has a shorter chromatin residence time compared to Pds5B (Figure 4.1B). The 

disparity in Pds5A and Pds5B dissociation from chromatin suggests differential cohesin 

regulation or spatial distribution of the two proteins. While both proteins contribute to 

chromosomal arm cohesion, Pds5B has been reported to be specifically required for 

centromeric cohesion (Carretero M et al., 2013). Wapl is known to form a complex with 

Pds5 proteins that destabilises the binding of cohesin to chromatin before DNA 

replication (Ouyang et al., 2013). Like Pds5 proteins, Wapl is loaded onto chromatin 

during telophase and remains associated with chromatin during interphase before it  
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dissociates from chromatin in mitosis (Figure 4.2). Even though both Pds5 proteins can 

interact with Wapl, it is Pds5A that has been shown to form a sub-complex with Wapl 

(Kueng et al., 2006b). My data suggests that Pds5A and Pds5B proteins do not have 

redundant functions in chromosome biology; Pds5A may be more involved with arm-

cohesin regulation during the prophase pathway in complex with Wapl, while Pds5B 

may be associated with centromeric cohesin complexes and mediate important 

chromosome dynamics such as bipolar spindle attachment. Consistent with this notion, 

Pds5B’s localisation (Figure 4.1B) is similar to that of Sgo1 in that it is still associated 

with chromatin at metaphase (Chapter 3, Figure 3.4). Sgo1’s role in centromeric cohesin 

regulation is already established (McGuinness et al., 2005). Whether Pds5B’s 

centromeric cohesin affinity relies on Sgo1 function requires further investigation. 

The intracellular localisation of Pds5 and Wapl proteins is similar to that of cohesin 

(Smc3) (Figure 4.3A). Deacetylation of Smc3 is thought to take place upon entry into 

mitosis, following the removal of cohesin from the chromosome arms (Nishiyama et al., 

2010; Zhang et al., 2011). As cohesin (Smc3) is removed from chromatin in mitosis 

(Figure 4.3A), deacetylase, HDAC8, recycles them via deacetylation, and they can be 

reloaded onto chromatin in the next cycle (Beckouët et al., 2010). This may account for 

the disappearance of Ac-Smc3 at anaphase (Figure 4.3B). 

The chromatin-associated Ac-Smc3 observed from prophase to metaphase (Figure 4.3B) 

may represent the centromeric cohesin which is protected from the prophase pathway 

by Sgo1, which recruits PP2A to the centromere and keep cohesin in a 

hypophosphorylated form to achieve bi-polar spindle attachment to the kinetochores 

and prevent precocious dissociation of sister chromatids (McGuinness et al., 2005). The 

fact that Pds5B has been found to be specifically required for centromeric cohesion 

(Carretero M et al., 2013) and persists on chromatin until metaphase (Figure 4.1B), a 

localisation similar to that of Sgo1 (Chapter 3, Figure 3.4) suggests that Ac-Smc3 

observed from prophase to metaphase (Figure 4.3B) represents centromeric cohesin. 

Dissociation of cohesin from chromatin is a two-stage process that starts in prophase 

via the non-proteolytic action of Wapl complexed with Pds5 and ends with the cleavage 

of centromeric cohesin (Scc1) by the APC/Cyclosome-activated Separase during the   
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metaphase-to-anaphase transition in mitosis (Onn et al., 2008). My data shows that the 

endogenous levels of Pds5 proteins, like Wapl, Smc1, and Smc3, do not change in 

interphase and at mitosis (Figure 4.4D and E). The Sororin result (Figure 4.4G) indicates 

that the Sororin protein level is higher in G1/S-arrested cells than in asynchronous or 

M-phase-arrested cells. It has been speculated that cohesin pre-occupancy on 

chromatin is required but not sufficient for Sororin to associate with chromatin, but that 

the phosphorylation of the protein is necessary for its dissociation from Pds5 (Zhang et 

al., 2011). The higher protein levels observed in G1/S-arrested cells shows that Sororin 

is mostly expressed at S-phase, the time when it is recruited to chromatin-bound 

cohesin to establish sister chromatid cohesion (Zhang & Pati, 2012). The mobility shift 

observed in the mitotic total lysates may be a result of changes in the phosphorylation 

status of Sororin. The phosphorylated form of Sororin is reported to be ubiquitinated 

and targeted for degradation by the APCcdh1 (Zhang et al., 2011) while non-

phosphorylated Sororin is bound to chromatin (Figure 4.6). 

Since Nocodazole prevents anaphase (Figure 4.4C), the reduction in Scc1 protein levels 

observed in lysates derived from M-phase-arrested cells (Figure 4.4J) cannot be 

attributed to the function of Separase, neither can it be due to Wapl because the Wapl-

orchestrated prophase pathway is non-proteolytic (Losada et al., 1998; Sumara et al., 

2002; Waizenegger et al., 2000). Interestingly, Scc1 has been found to be preferentially 

cleaved at Asp279 by caspases-3 and -7 in vitro in cells undergoing apoptosis in response 

to diverse stimuli (Chen F et al., 2002). It is plausible to think that caspase proteolysis of 

the chromosome-dissociated cohesin subunit was responsible for the reduction in Scc1 

protein level in M-phase-arrested cells.  

Ac-Smc3 protein levels were higher in G1/S-arrested cells (Figure 4.4K). Accumulation 

of Ac-Smc3 in G1/S-arrested cells coincides with the time when Esco1 is recruited to 

chromatin by Pds5 (Minamino et al., 2015 where it physically interacts with PCNA 

(Moldovan et al., 2006) and the time when Esco2 endogenous protein levels are higher 

(Chapter 3, Figure 3.6E). This shows that Smc3 is mostly acetylated during S-phase, the 

time when concomitant DNA replication-coupled cohesin acetylation and Sororin 

recruitment to chromatin have been shown to establish cohesion (Skibbens et al., 1999; 

Toth et al., 1999; Ivanov et al., 2002; Unal et al., 2007). Consistent with my  
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immunofluorescence data (Figure 4.3B), Ac-Smc3 was undetectable in lysates derived 

from M-phase-arrested cells (Figure 4.4K), an indication of HDAC8 activity in mitosis as 

cohesins are removed from chromatin and recycled via deacetylation (Beckouët et al., 

2010). 

Further analysis of endogenous protein levels using lysates from synchronised HeLa 

cells (Figure 4.5A) shows that Pds5 total protein levels are constant throughout the cell 

cycle, a result similar to that of cohesin core subunits Smc1 and Smc3 (Figure 4.5B). The 

Scc1 immunoblot shows a reduction in Scc1 protein levels as cells enter mitosis (12 h). 

This is an indication of the Separase enzymatic activity, which is activated during the 

metaphase-to-anaphase transition to enable chromosome disjunction (Onn et al., 

2008). This data shows that cohesin function is not regulated by changes in the 

expression levels of Pds5 proteins. 

The currently accepted model (see Figures 1.4, page 11, and 5.1, page 157) of cohesin-

chromatin interaction postulated by many studies depicts a tripartite cohesin ring 

structure that completely dissociates from chromosome arms during the prophase 

pathway and from the centromere upon cleavage of the Scc1 subunit of the cohesin 

complex during the metaphase-to-anaphase transition (Alberts, 2008; Peters et al., 

2008; Nishiyama et al., 2010). Consistent with this model (see Figure 5.1, page 157), my 

data shows that Pds5 proteins dissociate from chromatin as cells get to mitosis (12 h), 

before re-associating with chromatin at the end of mitosis (15 h) (Figure 4.6C).  This 

pattern was also similar to that of cohesin core subunits Smc1, Smc3, and Scc1, as well 

as cohesion establishment factors Sororin and Esco1 (Figure 4.6C). Furthermore, I noted 

that the acetylation levels of Smc3 (Ac-Smc3) declined on chromatin as cells entered 

mitosis, and indication of HDAC8 deacetylase activity in mitosis (Beckouët et al., 2010). 

These results show that the association and dissociation of Pds5 proteins from 

chromatin is cell cycle regulated.  

Wapl is known to bind Pds5 during prophase and remove cohesin from chromosome 

arms. The function of Wapl at this stage undermines the stability of its binding platform 

on chromatin and it is expected that as cohesin is removed from chromatin, Wapl’s 

levels on chromatin should decrease. This could account for the steady decline of Wapl  
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on chromatin observed during mitosis (Figure 4.6C), consistent with reports that the 

protein dissociates from chromatin from prophase until telophase (Kueng et al., 2006a). 

The Smc3-Scc1 interface is thought to house DNA’s exit gate, whose function is partly 

modulated by Pds5 and Eco1 (Esco1 and Esco2 in humans). Acetylation of Smc3’s 

ATPase head domain by the Esco1 and Esco2 cohesin acetyltransferases (Chan et al., 

2013), with concomitant recruitment and binding of Sororin to Pds5 (Nishiyama et al., 

2010; Ladurner et al., 2016), following the passage of the replication fork, is thought to 

keep the DNA exit gate locked shut, thereby maintaining sister chromatid cohesion 

(Buheitel & Stemmann, 2013; Chan et al., 2012; Eichinger et al., 2013). Disengagement 

of the exit gate via phosphorylation of Sororin and SA2 in prophase, by Plk1 and Cdk1, 

respectively, allows the removal of cohesin from chromosome arms in prophase (Zhang 

& Pati, 2012). Consistent with previous studies that report an S-phase-specific Esco2-

chromatin interaction (Hou F & Zou H, 2005), my data shows that the Esco2 protein 

levels on chromatin are higher during the time coinciding with the period of DNA 

replication (0-6 h), before they steadily decrease as cells get to mitosis; and that in both 

soluble and chromatin fractions, the protein is only significantly expressed before entry 

into mitosis (0-6 h). This result suggests that the role of Esco2 is restricted to S-phase. 

4.2.5.2 Pds5 and DNA replication 

Cohesin is required for efficient DNA replication during S-phase (Sherwood et al., 2010; 

Guillou et al., 2010). Pds5 is an integral member of the cohesin complex and regulates 

important functions including cohesion establishment, maintenance, and resolution 

(Panizza et al., 2000). Cohesin is acetylated by Esco1 and Esco2 as the new strands 

emerge from the replisome during DNA replication. Recruitment of Esco1 to chromatin 

depends on Pds5 (Minamino et al., 2015). Cohesin acetylation has been shown to speed 

the replication fork (Terret et al., 2009). This is because acetylation promotes the 

recruitment of Sororin to chromatin by Pds5 to establish cohesion (Nishiyama et al., 

2010). However, in Xenopus, acetylation is reported to have no effect on DNA 

replication (Lafont et al., 2010). 

In light of the foregoing, loss of either Pds5 or acetyltransferases Esco1 and Esco2 should 

impede the process of DNA replication. My data shows that depletion (Figure 4.7) of  
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Pds5 proteins significantly reduces BrdU incorporation (Figures 4.8B) by either 

asynchronous (Figure 4.8C) or synchronised (Figure 4.8D) population of HeLa cells, 

suggesting that loss of Pds5 hampers DNA replication. Further analysis of BrdU 

incorporation (Figure 4.9B) by HeLa cells showed that cells depleted of Pds5 proteins 

take longer to complete S-phase (Figure 4.9C). This result shows that the absence of 

Pds5 proteins delays DNA replication. 

A closer analysis of DNA replication in the absence of Pds5 proteins using DNA single 

fibre techniques revealed four altered parameters: short labelled DNA fibres (Figure 

4.10B iv and vii) and (Figure 4.10C) suggesting slow-moving replication forks, significant 

reduction in fork velocity (Figure 4.10D), and significant increase in the number of 

stalled replication forks (Figure 4.10B v and viii) and (Figure 4.10E) suggesting inhibition 

of fork progression. Furthermore, there were numerous intermittent gaps (Figure 4.10B 

vi and ix) indicating an increase in the number of stalled replication forks, and significant 

reduction in the number of interspaced fibres (Figure 4.10F) suggesting slowed DNA 

replication. 

The fact that origins of replication can still fire in the absence of Pds5 proteins suggests 

that Pds5 proteins are not required for initiation of DNA replication. However, 

numerous stalled replication forks, reduced fork velocity, short labelled fibres, and 

intermittent gaps in the DNA fibres show that it is the progression of replication forks 

which is inhibited by the absence of Pds5 proteins. Collectively, my data shows that 

Pds5 proteins are required for efficient replication fork progression during DNA 

replication. The finding that loss of Pds5 proteins delays DNA replication in mammalian 

cells is novel; this observation has not been reported before. 

What remains enigmatic, however, is the mechanism by which Pds5 proteins regulate 

DNA replication. Before DNA replication, Pds5 proteins form a complex with Wapl; the 

Pds5-Wapl complex keeps cohesin in a dynamic state, destabilising its binding to 

chromatin (Gerlich et al., 2006). More recently, it has been shown that the Pds5-Wapl 

complex is required for cohesin loading onto chromatin in yeast (Murayama &Uhlmann, 

2016). During DNA replication, displacement of Wapl by Sororin from Pds5, coupled 

with Smc3 acetylation by Esco1 and Esco2, establishes sister chromatid cohesion  
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(Nishiyama et al., 2010). Given that cohesin is required for efficient DNA replication 

during S-phase (Guillou et al., 2010; Sherwood et al., 2010) and that Pds5 proteins play 

many roles in cohesin regulation, it is possible that the delay in DNA replication 

observed after depletion of Pds5 proteins (Figures 4.8, 4.9, and 4.10) resulted from 

altered cohesin structures on chromatin, giving rise to unstable replication forks. 

My data shows increased Smc3 acetylation and a reduction in the levels of chromatin-

bound Wapl after depletion of Pds5A (Figure 4.11). Increased Smc3 acetylation would 

be expected to enhance DNA replication, as previously reported (Terret et al., 2009). 

Meanwhile, a reduction in Wapl levels on chromatin is expected to lead to the 

stabilisation of cohesin on chromatin, since cohesin is no longer in a dynamic state, 

thereby impeding the passage of the replication fork, and delaying DNA replication. 

However, recent reports show that although Wapl is required for cohesin loading onto 

chromatin (Murayama & Uhlmann, 2015), its inactivation speeds up DNA replication in 

both yeast and human cells (Lopez-Serra et al., 2013b; Manning et al., 2014), suggesting 

that the absence of Wapl from chromatin does not hinder the passage of the replication 

fork. 

My data further shows that depletion of both Esco1 and Esco2 prevents Smc3 

acetylation and delays DNA replication (Chapter 3, Figures 3.9, 3.10, and 3.11) while 

depletion of Wapl causes more Smc3 acetylation (Figure 4.11) without inhibiting BrdU 

incorporation (Figure 4.12). This data suggests that neither the increase in Smc3 

acetylation nor the reduction in chromatin-bound Wapl in the absence of Pds5A 

accounted for the delay in DNA replication observed.  

Surprisingly, depletion of both Wapl and Pds5A was characterised by transient 

association of Ac-Smc3 and Sororin with chromatin, as well as accumulation of Esco2 on 

chromatin (Figure 4.11), suggesting that cells successfully complete S-phase and enter 

mitosis, where Ac-Smc3 and Sororin are removed from chromatin via deacetylation and 

phosphorylation, respectively. Consistent with this notion, depletion of both Wapl and 

Pds5A (Figure 4.13A) significantly increases BrdU incorporation (Figures 4.13B) by 

asynchronous HeLa cells (Figure 4.13C), suggesting that the defect in DNA replication 

observed after depletion of Pds5 alone can be rescued by depleting both Pds5 and   
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Wapl. This result is novel; for the first time, my data indicates a requirement for Pds5 

proteins in DNA replication and that the replication defect encountered due to loss of 

Pds5 can be rescued by depletion of Wapl.  

How Wapl’s absence from chromatin supports DNA replication is unclear. Given that 

Wapl is a cohesin destabilising factor when bound to Pds5, it is conceivable that Wapl 

depletion supports DNA replication by allowing stable binding of cohesin to chromatin. 

Chromatin accumulation of Scc1 at 8 h and increased Smc3 acetylation (Figure 4.11) 

after Wapl depletion supports this notion. Consistent with previous reports which show 

the requirement for cohesin in DNA replication (Guillou et al., 2010; Sherwood et al., 

2010), removal of the anti-establishment complex (Wapl-Pds5) should therefore allow 

more cohesin to associate with chromatin, resulting in enhanced DNA replication 

(Figure 4.13). However, depletion of the Wapl-Pds5 complex resulted in less cohesin 

(Scc1 and Smc3) recruited to chromatin compared to control siRNA-treated cells (Figure 

4.11).  

The fact that depletion of Pds5A alone is characterised by persistent acetylation of Smc3 

from 0 to 8 h (Figure 4.11) shows that the delay in DNA replication observed in Pds5-

depleted cells is not due to a failure to recruit cohesin complexes to chromatin. 

Importantly, it has been shown that the phosphorylation of Scc1 by Chk1 promotes Eco1 

activity only in response to DNA damage (Unal et al., 2007; Heidinger-Pauli et al., 2009), 

suggesting that persistent Smc3 acetylation observed after depletion of Pds5A (Figure 

4.11) could be due DNA damage. Since cohesin is required for DNA replication (Guillou 

et al., 2010; Sherwood et al., 2010), it is conceivable that the absence of a versatile 

cohesin regulatory protein such as Pds5 destabilises the replication forks by preventing 

the establishment of sister chromatid cohesion, resulting in the activation of the DNA 

damage checkpoint response. Unstable replication forks have been shown to be prime 

sources of DNA damage in both prokaryotes and eukaryotes (Heller & Marians, 2006). 

Indeed, depletion of either Pds5A or Pds5B led to the phosphorylation of Chk1 on 

ser317 (Figure 4.14A), indicating that loss of Pds5 proteins activates the DNA damage 

checkpoint response. An ongoing study (unpublished) in our lab that examined whether 

the protein kinase activity of Chk1 was responsible for inhibiting fork progression upon  
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Pds5 depletion has shown that co-depletion of Chk1 with Pds5A results in a partial 

rescue of the S-phase delay. This effect was not observed when both Pds5B and Chk1 

were depleted. The rescue of DNA replication in the absence of Pds5A and Chk1 was 

confirmed in whole cell BrdU-labelling experiments of synchronised HeLa cells; 71% of 

the Chk1 and Pds5A-depleted cells incorporated BrdU 1 hr after release from the 

Aphidicolin block compared to 10.3% when only Pds5A was depleted. The rescue of the 

S-phase delay in the absence of Pds5B and Chk1 was less efficient with only 20% of cells 

staining positively for BrdU at 1 hr post Aphidicolin release. This study has also shown 

that depletion of Pds5 proteins results in phosphorylation of Histone H2AX, suggesting 

the presence of double strand breaks. Further analysis using the comet assay of the 

nature of DNA damage caused by depletion of Pds5 proteins also revealed single strand 

breaks in both Pds5A and Pds5B-depleted cells (Figures 4.14B and C). 

4.2.5.3 The putative mechanism by which Wapl rescues replication delay in Pds5A-
depleted cells 

Putatively, Wapl rescues the delay in DNA replication observed when Pds5A is depleted 

alone by allowing normal chromatin conformational change that decreases the level of 

DNA damage. This notion needs further testing by comparing the level of DNA damage 

in Pds5A and Pds5A-Wapl depleted cells, given that cells depleted of both Pds5 and 

Wapl are characterised by cohesion defects (Tong & Skibbens, 2015). Suffice to say that 

in Pds5A depleted cells, cohesin is loaded normally, since Wapl has no counter effect on 

cohesin loading when unbound to Pds5 (Murayama & Uhlmann, 2015). My data shows 

less Wapl recruited to chromatin in cells depleted of Pds5A, possibly due to the fact that 

Wapl preferentially forms a complex with Pds5A on chromatin (Kueng et al., 2006b). 

The DNA exit gate (Beckouët et al., 2016; Buheitel & Stemmann, 2013; Chan et al., 2012) 

is expected to remain closed, since Pds5, which is required for gate disengagement, is 

absent. The absence of Pds5 further results in failure to establish sister chromatid 

cohesion, resulting in cohesion defects. Anomalous Chromatin conformational change 

in the absence of Pds5 leads to single and double strand breaks which cannot be 

repaired since Pds5 which is required to establish cohesion is absent. This results in 

persistent cohesin acetylation (Figure 4.11) due to DNA damage (Figure 4.14), which 

slows DNA replication (Figures 4.8, 4.9, and 4.10).  
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In Wapl-depleted cells, Pds5 competes with the Scc2-Scc4 complex for cohesin binding 

(Murayama & Uhlmann, 2015), resulting in less cohesin (Scc1 and Smc3) recruited to 

chromatin (Figure 4.11). Once loaded, cohesin is protected by Pds5 from spontaneous 

removal (Murayama & Uhlmann, 2015). The DNA exit gate (Beckouët et al., 2016; 

Buheitel & Stemmann, 2013; Chan et al., 2012) remains closed since Wapl is absent, 

resulting in hypercohesed sister chromatids that cannot resolve their arms (our 

previous studies in the lab, unpublished data) and persistent cohesin at mitosis (Figure 

4.11). DNA replication proceeds as normal, since Pds5 and Sororin form a cohesion 

establishment complex and stabilise cohesin on chromatin. Normal Chromatin 

conformation upon acetylation and Sororin recruitment facilitates fork progression. 

However, since sister chromatids cannot resolve their arms, cohesin remains acetylated 

at mitosis (Figure 4.11). 

In Wapl and Pds5A- depleted cells, cohesin is loaded by the Scc2-Scc4 complex, but lack 

of compensatory loading by the Pds5-Wapl complex (Murayama & Uhlmann, 2015) 

results in less cohesin recruited to chromatin (Figure 4.11). Establishment of sister 

chromatid cohesion is not achieved, since Sororin requires to bind Pds5 and displace 

Wapl to establish cohesion (Nishiyama et al., 2010), resulting in cohesion defects in cells 

lacking both Pds5 and Wapl (Tong & Skibbens, 2015). In these cells, the DNA exit gate 

(Beckouët et al., 2016; Buheitel & Stemmann, 2013; Chan et al., 2012) is expected to 

remain open, leading to transient interaction of cohesin with chromatin (Figure 4.11). 

However, the absence of both Pds5A and Wapl allows normal chromatin 

conformational change upon acetylation, resulting in progression of the replication 

forks. 

Since this is only a putative mechanism by which Wapl supposedly rescues the defect in 

DNA replication when Pds5A is depleted alone, it will be important to test some of these 

assertions in future. Testing whether depletion of both Wapl and Pds5B reverses the 

effect of Pds5B depletion will be important. Furthermore, it will also be interesting to 

assess the level of chromatin loop formation in both Pds5A and Pds5A-Wapl depleted 

cells, as this may give a clue to chromatin conformation and organisation upon Pds5 

depletion.   
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Taken together, my data suggests that the delay in DNA replication observed after 

depletion of Pds5 proteins (Figures 4.8, 4.9, and 4.10) resulted from failure to repair 

damaged DNA that occurred due abnormal cohesin conformational change. The 

absence of Pds5 proteins during DNA replication causes DNA single strand breaks, 

leading to double strand breaks. However, cohesin loading and cohesion establishment, 

which is required for the integrity of the DNA damage checkpoints (Lightfoot et al., 

2011), cannot be established, since Pds5 proteins are lacking, thus compromising the 

DNA damage repair mechanism and destabilising the replication forks. Unrepaired DNA 

activates the DNA damage checkpoint response, which eventually slows down DNA 

replication. This result is novel, no study has previously shown that loss of Pds5 proteins 

causes DNA single strand breaks and consequently DNA damage checkpoint activation 

and DNA replication delay. 

This study has produced a number of important clues into the role of Pds5 proteins in 

chromosome biology. Pds5, whose role in DNA replication has previously been 

unknown, is an integral cohesin regulatory protein required for both establishment and 

dissolution of sister chromatid cohesion. Through this study, I have shown that the two 

Pds5 orthologs, whose intracellular localisation is cell cycle regulated, are not 

redundant, and that their association and dissociation from chromatin is similar to that 

of cohesin core subunits, Smc1 and Smc3. Importantly, I have demonstrated, for the 

first time, that Pds5 proteins are required for efficient fork progression during DNA 

replication, and that depletion of Pds5 proteins induces DNA damage which in turn 

activates the intra S-phase DNA damage checkpoint that slows DNA replication. I have 

further shown that the delay in DNA replication observed after depleting Pds5 can be 

rescued by depleting both Wapl and Pds5 proteins. 

In future, it will be important to investigate how the absence of Pds5 proteins triggers 

DNA damage. Whether this results from cohesin’s anomalous conformational change 

upon acetylation and binding of Sororin to SA1/2 only in the absence of Pds5, causing 

strain and breaks in entrapped DNA strands, is not yet known. If this is the case, it may 

help explain why Wapl inactivation supports DNA replication. Since Wapl is a cohesin 

destabilising factor, its depletion should allow efficient binding of Sororin to Pds5 and 
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SA1/2, resulting in normal conformational change of the cohesin complex that allows 

progression of DNA replication. 

Main conclusions from this chapter:  

 The data in this chapter has shown that depletion of Pds5 proteins causes both 

single and double strand breaks which ultimately activate the DNA damage 

checkpoint and delay DNA replication. 

 The delay in DNA replication observed when Pds5A is depleted alone can be 

rescued by depleting the anti-establishment complex, Pds5A and Wapl. 
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Chapter 5 - General Discussion  

5.1 Main Findings 

 This study has shown that depletion of either Esco1 or Esco2 prevents Smc3 

acetylation, although by only a smaller fraction in Esco2-depleted cells, and 

results in a delay in DNA replication. 

 Esco1 and Esco2 may have non-overlapping functions and are differentially 

regulated. The fact that Esco2 depletion prevents acetylation only by a smaller 

fraction but cells still fail to replicate their DNA shows that acetylation may not 

be sufficient for DNA replication.   

 Depletion of either Esco1 or Esco2 results in precocious separation of sister 

chromatids, chromosome missegregation, and either apoptosis or senescence. 

 Depletion of Pds5 proteins causes both single and double strand breaks which 

ultimately activate the DNA damage checkpoint and delay DNA replication. 

 The delay in DNA replication observed when Pds5A is depleted alone can be 

rescued by depleting the anti-establishment complex, Pds5A and Wapl. 

5.2 Overview  

The cohesin complex is a multi-subunit protein complex whose role in sister chromatid 

cohesion is regulated by associated proteins that include, among others, Pds5 and the 

acetyltransferases Esco1 and Esco2. Sister chromatid cohesion, once established in S-

phase after the passage of the replication fork and Smc3 acetylation-coupled 

recruitment of Sororin to chromatin, is maintained until the onset of anaphase. Proper 

establishment and maintenance of sister chromatid cohesion is important in 

safeguarding genome integrity. Errors in sister chromatid cohesion have been 

implicated in congenital birth defects (Shen, 2011; Pfau & Amon, 2012) and cancer (Thol 

F et al., 2014; Thota S et al., 2014). Pds5 recruits Esco1 chromatin (Minamino et al., 

2015), which together with Esco2, acetylate Smc3 on lysine residues K105 and K106 in 

vertebrates to establish sister chromatid cohesion. Sororin’s recruitment to chromatin 
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depends on Esco2 (Lafont et al., 2010); it stably associates with chromatin and 

maintains cohesion by binding to Pds5 via the FGF motif and displacing Wapl (Nishiyama 

et al., 2010). 

Cohesin has been shown to participate in DNA replication by regulating higher-order 

organisation of replication factories and modulating the size of chromatin loops that 

likely correspond to replicon units (Guillou et al., 2010). Furthermore, cohesin 

acetylation reportedly speeds replication forks in human somatic cells (Terret et al., 

2009), although these results are disputed in Xenopus egg extracts (Lafont et al., 2010). 

Recently, proteins involved in DNA replication, including Ctf4 (chromosome 

transmission fidelity 4) and Chl1/ChlR1 (chromosome loss 1), have been shown to be 

important in sister chromatid cohesion establishment (Samora et al., 2016). 

Despite recent advances in our quest to understand cohesin regulation and its roles in 

chromosome biology, information on mechanistic consequences of cohesin 

posttranslational modifications such as acetylation remains scanty and contradictory. 

While Pds5’s role in sister chromatid cohesion maintenance and resolution has been 

explored, no study to date has reported its participation in DNA replication. Pilot studies 

(unpublished) in our lab have implicated Pds5 in DNA replication. 

In light of the foregoing, the work presented in this thesis was conducted with the aim 

of further characterising the role of acetyltransferases Esco1 and Esco2 and Pds5 in the 

mammalian cell cycle and specifically their role in DNA replication. To achieve these 

aims, siRNA-mediated depletion and DNA combing techniques were employed. Initially, 

the intracellular localisations of Esco1, Esco2, and Pds5 proteins were analysed by 

immunofluorescence and the temporal association and dissociation of cohesin from 

chromatin during the cell cycle was analysed by Western blotting. This was followed by 

depletion of Esco1, Esco2, and Pds5 using siRNA for each protein and analysing DNA 

replication by BrdU labelling and the Single fibre technique. Cell apoptosis and 

senescence, due to loss of Esco1 and Esco2, was analysed by a combination of 

immunostaining, Western blotting, and SA-β-Galactosidase staining. 
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On commencing the study, my hypothesis was that Esco1, Esco2, and Pds5 proteins are 

required for normal DNA replication. The data collected in this study not only agrees 

with my hypothesis, but also presents new insights into the regulation of cohesin and 

the role of cohesin regulatory proteins Esco1, Esco2, and Pds5 in chromosome biology. 

5.3 The cell cycle-dependent dynamic localisation of Esco1, Esco2, and 
Pds5 proteins 

The Immunofluorescence data presented in Chapter 3 and Chapter 4 show that the 

intracellular localisation of Esco1, Esco2, Pds5A, and Pds5B proteins is cell cycle 

regulated. This data further highlights the important differences in the functions and 

regulations of these homolog pairs. Although both Esco1 and Esco2 proteins localise to 

chromatin during interphase (Figure 3.3), Esco2 is only expressed during S-phase (Hou 

& Zou, 2005) where it accumulates during the time that marks the period of DNA 

replication (Figures 3.6E, 3.7B and D, 3.8B, and 4.6) and gets degraded at mitosis (Hou 

& Zou, 2005). In contrast, Esco1 is expressed throughout the cell cycle (Figures 3.6E, 

3.7B and D, 3.8B, and 4.6) and only undergoes phosphorylation (Lyons & Morgan, 2011) 

at mitosis in vertebrates. The fact that Esco1 is only phosphorylated while Esco2 is 

degraded in vertebrates could account for the higher abundance of Esco1 on chromatin 

than Esco2 that was observed in this study (Figure 3.5). These results are consistent with 

previous reports which demonstrated the functional differences between these two 

proteins (Hou & Zou, 2005; van der Lelij et al., 2009; Lyons & Morgan, 2011; Song et al., 

2012; Whelan et al., 2012). 

Recently, it was demonstrated that Esco1 acetylates cohesin via a different mechanism 

from that of Esco2 (Minamino et al., 2015) and that Esco1 is recruited to chromatin by 

Pds5 (Minamino et al., 2015) while Esco2’s recruitment to chromatin depends on 

Sororin (Lafont et al., 2010). There is currently no evidence as to why there are two Eco1 

orthologs in vertebrates while lower organisms have only one ortholog, and why these 

two proteins (Esco1 and Esco2) have different mechanisms by which they are recruited 

to chromatin in vertebrates. Interestingly, depletion of either Esco1 or Esco2 from HeLa 

cells results in cohesion failure (Figure 3.13), suggesting a non-redundant function 

(Lafont et al., 2010). 
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In budding yeast, Eco1/Ctf7 has different cohesin subunit substrates; it acetylates both 

Smc3 and Scc1/Mcd1 (Heidinger-Pauli et al., 2009), suggesting that in vertebrates, the 

Eco1 functions may have diverged to two separate proteins during the course of 

evolution. However, both Esco1 and Esco2 proteins can acetylate Smc3 on two lysine 

residues (K105/106) during DNA replication (Nasmyth, 2005; Zhang et al., 2008), although 

acetylation is largely carried out by Esco1 in mammalian cells (Figure 3.10). This suggests 

that Esco1 and Esco2 may have retained some overlapping functions that ensure stable 

sister chromatid cohesion is maintained throughout a relatively extended G2 period in 

vertebrates. 

Furthermore, Sororin and Esco2 have been shown to be co-regulated by APCCdh1 (Lafont 

et al., 2010), suggesting that these two proteins, but not Esco1, comprise a regulatory 

module that helps prevent ectopic (such as intrachromatid or interchromosomal) 

cohesion events particularly in G1, reserving them for S-phase when there are two sister 

chromatids that can be tied together. These results demonstrate similar but 

independent roles of Esco1 and Esco2 proteins in cohesin regulation. 

Like cohesin (see Figure 4.3A, page 118), Pds5 proteins are loaded onto chromatin 

during telophase; they localise to chromatin during interphase and dissociate from 

chromatin at mitosis (Figure 4.1). Although my immunoblot data did not show any 

changes in the levels of total Pds5 proteins throughout the HeLa cell cycle (Figures 4.4D 

and E, and 4.5), there were significant differences in the intracellular localisation of 

Pds5A and Pds5B. Pds5A (Figure 4.1A) was typified by a shorter chromatin residence 

time compared to Pds5B (Figure 4.1B). Notably, Pds5A has one AT-hook-type high 

mobility group (HMG) box motif while Pds5B has two (Figure 1.7) (Zhang et al., 2009a). 

The difference in Pds5A and Pds5B dissociation from chromatin may be a consequence 

of Pds5B’s higher binding affinity for chromatin or perhaps the two proteins regulate 

different pools of cohesin on chromatin. 

Differential regulation and spatial distribution of Pds5A and Pds5B could also account 

for the disparity in localisation observed (Figure 4.1), as Pds5B has been reported to be 

specifically required for centromeric cohesion (Carretero et al., 2013) while Pds5A 

preferentially forms a sub-complex with Wapl (Kueng et al., 2006b). Interestingly, Smc3 
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remains acetylated until metaphase (Figure 4.3B), suggesting residual centromeric 

cohesin that persists on chromatin until bi-polar spindle attachment is achieved. The 

localisation of Pds5A and Pds5B suggests that Pds5A may be more involved with arm-

cohesin regulation during the prophase pathway in complex with Wapl while Pds5B may 

be important in the regulation of chromosome dynamics such as bipolar spindle 

attachment. Consistent with this notion, Pds5A’s localisation (Figure 4.1A) is similar to 

that of Wapl (Figure 4.2) while Pds5B’s gross localisation (Figure 4.1B) is similar to that 

of Sgo1 during the cell cycle (Chapter 3, Figure 3.4). It is plausible to think that the 

fraction of Pds5B protein that remains associated with chromatin from prophase to 

metaphase is probably not associated with Wapl, because Wapl, like Pds5A, has already 

dissociated from chromosomes by metaphase. 

Contrary to previous reports that Pds5A and Pds5B proteins are redundant (Zhang et 

al., 2007, 2009), my localisation data suggests that Pds5A and Pds5B proteins may have 

different roles in mitosis, consistent with recent studies in mammalian cells (Minamino 

et al., 2015). Whether Pds5B’s centromeric cohesin affinity relies on Sgo1 function 

requires further investigation. Co-staining mitotic spreads with the anti-centromere 

antibody will be important in confirming the spatial distribution of Pds5A and Pds5B on 

chromosomes. Taken together, this data shows that the intracellular localisation of 

Esco1, Esco2, and Pds5 proteins is cell cycle regulated. 

5.4 Linking sister chromatid cohesion with DNA replication: novel roles 
of Pds5 and acetyltransferases Esco1 and Esco2 proteins in DNA 
replication 

Previous studies have shown that cohesin complexes are assembled prior to their 

recruitment to DNA (Losada et al., 1998; Waizenegger et al., 2000) and loaded onto 

chromatin by the Scc2-Scc4 heterodimers (also known as the Kollerin complex, or Nipbl 

and Mau2, respectively) in telophase in vertebrates, or late G1 in yeast (Ciosk et al., 

2000) (Figure 5.1). The difference in timing between vertebrate and yeast cohesin’s 

recruitment to chromatin is the continued destruction of Scc1 by Separase through G1 

in yeast (Uhlmann et al., 1999). Cohesin rings transiently open up to allow the entry of 

DNA, via the DNA entry gate, the hinge interface that connects Smc1 to Smc3 (Gruber 
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et al., 2006; Buheitel & Stemmann, 2013). The Scc2/Scc4 complex is thought to regulate 

the opening and closing of the hinge interface in a manner that requires the ATPase 

activity of the Smc1 and Smc3 head domains (Arumugam et al., 2003; Hu et al., 2011; 

Murayama & Uhlmann, 2014). 

Loading of the Scc2-Scc4 complex itself onto chromatin depends on pre-RCs, at least in 

Xenopus (Gillespie & Hirano, 2004; Takahashi et al., 2004), which are formed by 

sequential assembly of origin recognition complex (ORC), Cdc6, and Cdt1 at replication 

origins (Bell & Dutta, 2002). pre-RCs are required for loading the inactive Mcm2–7 

helicase onto DNA (Randell et al., 2006; Evrin et al., 2009; Remus et al., 2009), which is 

subsequently activated at the G1/S transition through phosphorylation by the S-phase 

kinase Cdc7 (Masai et al., 2006; Sheu & Stillman, 2006) and interaction with Cdc45 and 

GINS (Gambus et al., 2006; Moyer et al., 2006; Pacek et al., 2006; Aparicio et al., 2009; 

Ilves et al., 2010). 

In Xenopus egg extracts, Cdc7 also interacts with Scc2-Scc4 heterodimers, and its kinase 

activity is required for loading the Scc2-Scc4 complexes onto chromatin (Takahashi et 

al., 2008). The fact that Cdc7 interacts with Scc2-Scc4 complexes and associates with 

pre-RCs in G1 phase and activates them at the G1/S transition suggests that its 

involvement might target cohesin to sites of imminent replisome assembly, thereby 

facilitating cohesin’s subsequent interaction with fork-associated regulators. 

Before S-phase, the cohesin loaded onto chromatin in telophase or late G1 is highly 

dynamic (Gerlich et al., 2006), as the HEAT repeat-containing proteins, Pds5 and Wapl, 

which form a sub-complex by Pds5 interacting via the FGF motif of Wapl, continuously 

remove cohesin from chromatin in a reaction that requires opening of the cohesin’s 

DNA exit gate, the interface between Smc3 and Scc1 (Beckouët et al., 2016; Buheitel & 

Stemmann, 2013; Chan et al., 2012; Gandhi et al., 2006; Gligoris et al., 2014; Huis in ’t 

Veld et al., 2014; Kueng et al., 2006; Murayama & Uhlmann, 2015; Rowland et al., 2009).  

Like cohesin (Figure 4.3A), Pds5 (Figure 4.1) and Wapl (Figure 4.2) are loaded onto 

chromatin during telophase. The importance of the Wapl-Pds5-orchestrated 

destabilisation of cohesin on chromatin before S-phase is a subject of ongoing debate.  
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Figure 5.1 A model of cohesin regulation during the cell cycle 

(i) Cohesin is loaded onto chromatin via the Smc1-Smc3 hinge domain in telophase in 
vertebrates or G1 in yeast. (ii) Before S-phase the Wapl-Pds5 complex destabilises the binding 
of cohesin on chromatin, keeping it in a dynamic state. (iii) During DNA replication in S-phase, 
the replication fork is thought to pass through the cohesin ring. Following the passage of the 
replication fork, Smc3 is acetylated by Esco1 and Esco2. This is coupled with the recruitment of 
Sororin (iv) to chromatin. The cohesin-releasing activity of the Wapl-Pds5 complex is blocked 
after Wapl is displaced from the central binding site of Pds5 by Sororin, which establishes sister 
chromatid cohesion. (v) Sister chromatid cohesion is maintained throughout G2. (vi) At 
prophase, Sororin is phosphorylated by Cdk1/cyclin B, which facilitates Plk1 to bind to Sororin 
and phosphorylates SA2. Phosphorylation of SA2 destabilizes cohesin complexes. Sororin 
dissociates from chromatin after it is further phosphorylated, which provides an opportunity 
for Wapl to bind back to Pds5 and restore its cohesin-releasing activity in complex with Pds5. At 
this stage the Wapl-Pds5 complex only removes cohesin from the chromosome arms; 
centromeric cohesin is protected by the Sgo1-PP2A complex. After cohesins are removed by 
Wapl-Pds5 complex, the arms of the sister chromatid are resolved. (vii) Following bi-polar 
spindle attachment at the metaphase plate, the APC/Cyclosome-mediated degradation of 
Securin allows the activation of Separase, which cleaves the Scc1 subunit of cohesin, allowing 
the separation of sister chromatids at anaphase. (viii) The released cohesins are regenerated by 
deacetylation of Smc3 and dephosphorylation of SA2, which can be reused in telophase/G1. 
CoDAC= cohesin deacetylase; CoAT= cohesin acetyltransferase. (Losada & Remeseiro, 2013; 
Zhang & Pati, 2012).  

Smc3 

Smc1 

Scc3 

KEY: 
CoDACs = HDAC8/Hos1 

CoATs = Eco1 (Esco1/Esco2) 

i 

ii 

iii 

iv 

v 

vi 
vii 

viii 
DNA 



Chapter 5: General Discussion 

158 
 

Interestingly, it has been shown that loading of cohesin onto chromatin is essential but 

not sufficient to establish sister chromatid cohesion, and that establishment of sister 

chromatid cohesion occurs concomitantly with DNA replication, following the passage 

of the replication fork and acetylation of Smc3 on lysine residues K105 and K106 by Esco1 

and Esco2 in metazoans (Chan et al., 2012; Nishiyama et al., 2010; Rankin, 2005; Rolef 

Ben- Shahar et al., 2008; Rowland et al., 2009; Sherwood et al., 2010; Unal et al., 2008). 

In vertebrates, acetylation of Smc3 is coupled with the recruitment of Sororin to 

chromatin, which competes with Wapl for binding to Pds5 (Nishiyama et al., 2010).  

Importantly, the displacement of Wapl from Pds5 by Sororin brings to an end the Wapl-

Pds5-dependent cohesin releasing activity, and acetylation locks the cohesin ring by 

preventing DNA from triggering ATP hydrolysis, thereby stabilising cohesin on 

chromatin (Uhlmann, 2016). These findings have further heightened the debate on the 

role of the Wapl-Pds5 sub-complex before DNA replication, resulting in two hypotheses 

of how DNA replication-coupled sister chromatid cohesion establishment occurs. 

One possibility is that the replication fork passes through the cohesin ring during DNA 

replication (Figure 5.2A). In this case, cohesin would efficiently capture sister 

chromatids, since they are already encircled, and acetylation during or just after the 

passage of the replication forks would result in cohesion establishment, as no renewed 

DNA entry reactions are required during cohesion establishment. This model is 

supported by the finding that cohesion establishment is insensitive to mutations in the 

cohesin ATPase that slow down DNA entry, and that the Scc2-Scc4 cohesin loader is no 

longer essential during DNA replication (Lengronne et al., 2006). The Wapl-Pds5 cohesin 

removal activity in this case would be a futile reaction to DNA replication, other than 

limiting a pool of cohesins on chromatin before the passage of the replication forks. 

The alternative model proposes that if the replication fork cannot pass through the 

cohesin ring, the cohesin ring must open up to allow the passage of the replication fork, 

and acetylation and establishment of sister chromatid cohesion happens behind the 

replication forks as new strand emerge from the replisome (Figure 5.2B). In this case, 

cohesin acts as a lockable structure that establishes sister chromatid cohesion by 

stochastic co-entrapment of replication products behind replication forks. In this model, 
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the role of the Wapl-Pds5 sub-complex upstream of replication forks would be to keep 

cohesin in a dynamic state, allowing the passage of the replication forks by disengaging 

the Scc1-Smc3 interface, in a similar mechanism as the one mediated by the Scc2-Scc4 

complex. 

Acetylation of Smc3, following the passage of the replication fork, renders cohesin 

resistant to Wapl, and hence locks the DNA exit gate (Rolef Ben-Shahar et al., 2008; 

Rowland et al., 2009; Sutani et al., 2009; Unal et al., 2008; Zhang et al., 2008). The 

establishment and maintenance of sister chromatid cohesion by Smc3 acetylation 

coupled with Sororin recruitment is important in ensuring bi-polar spindle attachment 

to kinetochores and prevention of precocious separation of chromosomes (Minamino 

et al., 2015). 

Contradictory reports have emerged in the recent past regarding the role of cohesin 

acetylation in DNA replication in vertebrates. A study in mammalian cells reported that 

cohesin acetylation speeds replication forks (Terret et al., 2009) while studies in 

Xenopus egg extracts showed that acetylation does not affect DNA replication (Lafont 

et al., 2010). My data suggests that loss of acetylation, by depletion of Esco1 and Esco2, 

slows replication fork progression, but not origin firing, in a synchronised population of 

HeLa cells (Figures 3.11 and 3.12). Furthermore, depletion of either Esco1 or Esco2 

results in precocious separation of sister chromatids (Figure 3.13). 

Of the two proteins, Esco1 appeared to have more effect on cohesin acetylation than 

Esco2, although depletion of Esco2 still manifested consequences of loosely attached 

sister chromatids (Figure 3.13) as well as defective DNA replication (Figure 3.11). The 

fact that cells still fail to replicate their DNA efficiently (Figure 3.11) even with the 

slightest reduction in Smc3 acetylation (Figure 3.10) shows that acetylation per se may 

not have a significant effect on DNA replication; but the property that cohesin acquires 

upon Smc3 acetylation could be the determinant factor that makes cohesin more 

competent to regulate DNA replication. The known cohesion establishment factor 

whose recruitment to chromatin is coupled with Smc3 acetylation is Sororin, which 

competes with Wapl to bind Pds5 via the FGF motif and establish sister chromatin 

cohesion in S-phase (Nishiyama et al., 2010; Ladurner et al., 2016).   
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Figure 5.2 Models of sister chromatid cohesion establishment during replication fork passage 

(A) The replication fork passes through the cohesin ring during DNA replication. Additional 
proteins such as Mcm10, Cdc45, Sld2, Sld3, Dpb11, Tof1, Mrc1, and Csm3 are thought to 
associate with the eukaryotic replication fork. In this case, cohesin would efficiently capture 
sister chromatids, since they are already encircled, and acetylation during or just after the 
passage of the replication forks would result in cohesion establishment. (B) Alternatively, if the 
replication fork together with the associated proteins cannot pass through the cohesin ring, the 
ring loses its topological contact with DNA by opening up to allow the passage of the replication 
fork. Smc3 acetylation and sister chromatid cohesion establishment happens behind the 
replication forks (adapted, with modifications, from Lengronne et al., 2006).  
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Recent studies have shown that Sororin’s recruitment to chromatin also depends on 

Esco2 (Lafont et al., 2010). It is conceivable that failure to recruit Sororin to chromatin 

upon loss of Esco2 would have led to impaired sister chromatid cohesion, resulting in a 

delay in DNA replication. However, depletion of Sororin alone does not delay DNA 

replication (Guillou et al., 2010), suggesting that the delay in DNA replication observed 

after depletion of Esco2 is independent of the loss of sister chromatid cohesion. 

Importantly, cohesin has been shown to be present at replication origins and 

participates in DNA replication by regulating higher-order organisation of replication 

factories and modulating the size of chromatin loops that likely correspond to replicon 

units (Figure 1.13) (Guillou et al., 2010). 

Given that the recruitment of Sororin also depends on Esco2 (Lafont et al., 2010), and 

that Sororin is a cohesion establishment factor (Nishiyama et al., 2010), it is plausible to 

think that depletion of Esco2 may have led to cohesin’s inability to regulate higher-order 

organisation of replication factories, resulting in fewer, longer chromatin loops which 

ultimately slowed down DNA replication. In future, it will be important to test if Esco2 

is important in the regulation of the length of chromatin loops, using the Fluorescence 

DNA halo technique (Vogelstein et al., 1980) to estimate the average length of DNA 

loops in interphase cells upon depletion of Esco2. Briefly, this requires permeabilising 

cells with detergents and depleting soluble proteins by extraction with high salt buffers; 

supercoiled DNA loops then unwind and form a halo around an insoluble scaffold that 

can be visualised by fluorescence staining (Vogelstein et al., 1980). 

The fact that acetylation occurs after the passage of the replication forks (Figure 5.2B) 

further suggests that its impairment, by depletion of Esco1 or both Esco1 and Esco2, 

would not necessarily block fork progression. Interestingly, studies in yeast have shown 

that Eco1/Ctf7 physically interacts with PCNA during DNA replication (Moldovan et al., 

2006) and that this interaction enables Eco1 to transiently bind to chromosomes and 

acetylate Smc3, thereby establishing cohesion (Lengronne et al., 2006). Given that 

PCNA tethers many other replication proteins and DNA polymerases, the delay in DNA 

replication observed after depletion of Esco1 could have resulted from a number of 

factors besides loosely attached sister chromatids, including, possibly, reduced PCNA 

versatility and failure of cohesin to regulate higher-order organisation of replication 
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factories. It is also plausible to think that since Sororin recruitment to chromatin is 

coupled with Smc3 acetylation and requires Esco2, and that Sororin competes with 

Wapl for binding to Pds5 (Nishiyama et al., 2010), loss of acetylation should lead to 

reduced Sororin recruitment to chromatin, thereby enabling Wapl to continue binding 

to Pds5 and preventing sister chromatid cohesion establishment. 

Recently, it was shown that Ctf4 and Chl1 (Kouprina et al., 1992) physically interact and 

that this interaction is required for Chl1 function in sister chromatid cohesion (Samora 

et al., 2016). Chl1 is recruited to the budding yeast DNA replication fork via a conserved 

Ctf4-interaction peptide (CIP box) motif (Samora et al., 2016). By this interaction, Ctf4 

links DNA replication with sister chromatid cohesion establishment (Samora et al., 

2016). Originally identified as a DNA polymerase -interacting factor important for 

chromosome stability, Ctf4 serves as a structural component of the replisome, linking 

the MCM helicase via GINS to the DNA polymerase -primase complex (Kouprina et al., 

1992; Miles and Formosa, 1992; Hanna et al., 2001; Gambus et al., 2006, 2009; 

Lengronne et al., 2006; Tanaka et al., 2009a). In vertebrates, Ctf4 is known as And1, 

where its role in sister chromatid cohesion is highly conserved (Errico et al., 2009). Ctf4 

is a homotrimer to which GINS and DNA polymerase  bind via a shared interaction 

motif (Simon et al., 2014). Chl1/ChIR1 is a DNA helicase (Gerring et al., 1990) that 

progresses along single-stranded DNA in the 5’-3’ direction (Farina et al., 2008; Hirota 

and Lahti, 2000) whose ATPase is required in preventing chromosome loss in both yeast 

and mice (L Holloway, 2000; Inoue et al., 2007). Chl1/ChIR1 promotes sister chromatid 

cohesion in yeast and humans (Farina et al., 2008; Mayer et al., 2004; Parish et al., 2006; 

Skibbens, 2004). The finding that deletion of Ctf4 or ChI1 causes synthetic growth 

defects in the absence of Eco1 (Borges et al., 2013) suggests that Ctf4 and Chl1 support 

cohesin acetylation by acting in parallel to Eco1 (Esco1/2). Molecularly, it is not yet 

known how Ctf4 and ChI1 achieve this. 

Future experiments should seek to test whether Sororin is recruited to chromatin in the 

absence of Esco1 and Esco2, e.g. by nuclear fractionation and immunoblotting, using 

G1/S-synchronised lysates, following depletion of Esco1 and Esco2. My data suggests 

that while cohesin acetylation may be required for efficient replication fork progression 
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in mammalian cells, as reported before (Terret et al., 2009), it is the property acquired 

by cohesin upon acetylation that makes it more competent to regulate DNA replication. 

While Wapl is a negative regulator of cohesin (Kueng et al., 2006), Pds5 plays both 

positive and negative roles in regulating cohesin. Inactivation of either protein has 

different effects, depending on the organism. Xenopus egg extracts depleted of either 

Wapl or Pds5, or human cells depleted of Wapl, have hypercohesed sister chromatids 

which fail to resolve at mitosis (Gandhi et al. 2006; Kueng et al. 2006; Shintomi & Hirano 

2009). However, Drosophila Wapl mutant embryos or yeast Wpl1 and Pds5 mutants 

have less cohesin on chromatin which results in loosely attached sister chromatids 

(Panizza et al., 2000; Tanaka et al., 2001; Stead et al., 2003; Rowland et al., 2009; Sutani 

et al., 2009; Verni et al. 2000). 

Loosely attached sister chromatids have also been reported after depletion of Pds5A or 

Pds5B in human cells (Losada et al., 2005), although previous studies (unpublished) in 

our lab showed that depletion of either Pds5 or Wapl from HeLa cells results in 

hypercohesed sister chromatids which cannot resolve at mitosis. Given that the Wapl-

Pds5 sub-complex regulates cohesin via a similar mechanism as the Scc2-Scc4 complex, 

stepwise opening and closing of the cohesin ring, it is plausible to think that the effect 

of Wapl and Pds5 inactivation in a given organism depends on whether it is the ring 

opening or ring closing reaction that is affected, hence resulting in varied depletion 

phenotypes across species. 

Cohesin is required for efficient DNA replication during S-phase (Sherwood et al., 2010) 

because it modulates the size of chromatin loops that likely correspond to replicon units 

(Guillou et al., 2010). Recent studies have reported that DNA replication and sister 

chromatid cohesion are linked processes (Samora et al., 2016). Given that Pds5 is an 

integral member of the cohesin complex and regulates important functions including 

cohesion establishment, maintenance, and resolution (Panizza et al., 2000), and that 

recruitment of Esco1 to chromatin, which partly acetylates cohesin to speed replication 

forks (Terret et al., 2009), depends on Pds5 (Minamino et al., 2015), it is conceivable 

that loss of Pds5 should inhibits DNA replication. 
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Preliminary studies (unpublished) in our lab demonstrated that depletion of either 

Pds5A or Pds5B from HeLa cells increased the amount of time cells spent in S-phase. My 

data shows that depletion of Pds5 proteins significantly reduces BrdU incorporation 

(Figures 4.8B) by either asynchronous (Figure 4.8C) or synchronised (Figure 4.8D) 

population of HeLa cells, and that cells depleted of Pds5 proteins take longer to 

complete S-phase (Figure 4.9C), as earlier observed in our preliminary studies 

(unpublished). This data suggests that loss of Pds5 delays DNA replication. Further 

analysis of DNA replication using DNA combing techniques revealed that cells depleted 

of Pds5 proteins have reduced fork velocity (Figure 4.10D) and increased number of 

stalled replication forks (Figure 4.10B v and viii), among other defects, suggesting that 

Pds5 proteins are required for efficient replication fork progression during DNA 

replication. 

It is still not yet clear how Pds5 regulates DNA replication. Among the many functions 

of Pds5 is to destabilise cohesin on chromatin, in complex with Wapl, before DNA 

replication (Gerlich et al., 2006; Nishiyama et al., 2010). According to one of the models 

of cohesion establishment (Figure 5.2B), the cohesin ring must open up to allow the 

passage of the replication fork, and the Wapl-Pds5 sub-complex upstream of replication 

forks allows the passage of the replication forks by disengaging the Scc1-Smc3 interface. 

According to this model, it is conceivable that depletion of Pds5 proteins should 

compromise cohesin structures on chromatin, possibly by locking cohesin on chromatin, 

thereby blocking the passage of replication forks or slowing down the rate at which 

forks pass through the cohesin rings, resulting in unstable replication forks that cannot 

replicate DNA efficiently (Figures 4.8, 4.9, and 4.10). My data supports the model of 

cohesion establishment shown in Figure 5.2B.  

Recent studies have reported that Wapl inactivation speeds up DNA replication in both 

yeast and human cells (Lopez-Serra et al., 2013b; Manning et al., 2014), suggesting that 

the absence of Wapl from chromatin does not hinder the passage of the replication 

fork. However, my data shows that depletion of Wapl has no effect on DNA replication 

(Figure 4.12), although it dispels speculation that Wapl depletion may have similar 

effects as Pds5 depletion (locking cohesin on chromatin: see data in text above). 
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Given that Wapl is a cohesin destabilising factor when bound to Pds5, it is possible that 

its depletion supports DNA replication (Lopez-Serra et al., 2013b; Manning et al., 2014) 

by allowing stable binding of cohesin to chromatin. Chromatin accumulation of Scc1 at 

8 h after release from Aphidicolin block and increased Smc3 acetylation (Figure 4.11) 

after Wapl depletion supports this notion. Consistent with previous reports which show 

the requirement for cohesin in DNA replication (Guillou et al., 2010; Sherwood et al., 

2010), removal of the anti-establishment complex (Wapl-Pds5) resulted in 

reconstitution of DNA replication in cells depleted of both Pds5 and Wapl (Figure 4.13), 

suggesting that more cohesin was stabilised on chromatin (behind the forks) and that 

the defect in DNA replication observed after depletion of Pds5 alone can be rescued by 

depleting both Pds5 and Wapl. However, depletion of Wapl and Pds5 resulted in less 

cohesin (Scc1 and Smc3) recruited to chromatin (Figure 4.11), suggesting that it is not 

the amount but the state of cohesin on chromatin that determines fork progression. 

This data suggests that depletion of Pds5 alone abolishes the dynamic state of cohesin 

upstream of the replication forks, possibly locking it on chromatin, and consequently 

deterring the passage of the replication forks. This data is in support of the model that 

proposes that the cohesin ring must open up during DNA replication to allow the 

passage of the replication forks (see Figure 5.2B, page 160). However, the finding that 

Wapl-depleted cells replicate their DNA normally (Figures 4.12 and 4.13) but are 

characterised by hypercohesed sister chromatids (unpublished data in the lab) and 

persistent cohesin at mitosis (Figure 4.11) shows that exit gate (Beckouët et al., 2016; 

Buheitel & Stemmann, 2013; Chan et al., 2012) disengagement is not essential for DNA 

replication. This data supports the model shown in Figure 5.2A, that the replisome 

passes through the cohesin ring.   

Surprisingly, depletion of Esco1 and Esco2 prevents Smc3 acetylation and delays DNA 

replication (Chapter 3, Figures 3.9, 3.10, and 3.11). This is contrary to my other results 

that show that depletion of Wapl causes more Smc3 acetylation (Figure 4.11) without 

slowing down DNA replication (Figure 4.12). This data implies that the delay in DNA 

replication observed after depletion of Pds5 (Figures 4.8, 4.9, and 4.10) was neither a 

consequence of Smc3 acetylation nor the reduction in chromatin-bound Wapl. 

Interestingly, a number of proteins important in sister chromatid cohesion 
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establishment have been identified using genetic screens in yeast. These include PCNA, 

Ctf4, and Chl1/ChIR1 (Mayer et al., 2001; Hanna et al., 2001; Skibbens, 2004). 

Although these proteins are not part of the cohesin complex, they contribute to the 

establishment of sister chromatid cohesion, as inactivation of their pairwise 

combinations results in additive sister chromatid cohesion defects and lethality (Xu et 

al., 2007). Depletion of any of these proteins reduces cohesin acetylation during S 

phase, suggesting that they all act at least in part by facilitating the acetylation reaction 

(Borges et al., 2013). Deletion of Ctf4 or Chl1 causes a marked synthetic growth defect 

in the absence of Eco1, suggesting that Ctf4 and Chl1 support cohesin acetylation by 

acting in parallel to Eco1 (Borges et al., 2013). 

PCNA is a homotrimeric sliding clamp that tethers DNA polymerases and other 

replication proteins, including Eco1, to replication forks (Moldovan et al., 2007). 

Recently, it was shown that Esco1’s recruitment to chromatin requires Pds5 (Minamino 

et al., 2015). Consistent with this finding, my data shows that depletion of either Wapl 

or Pds5A and Wapl blocks the recruitment of Esco1, but not Esco2, to chromatin (Figure 

4.11). 

Recently, it was shown that Ctf4 and Chl1 physically interact and that this interaction is 

required for Chl1 function in sister chromatid cohesion (Samora et al., 2016). The Ctf4-

Chl1 interaction suggests a structural role for Chl1 in cohesion establishment that might 

involve a direct interaction with cohesin at replication forks, and that Ctf4 forms an 

interaction hub within the replisome that links replication fork progression to sister 

chromatid cohesion establishment (Samora et al., 2016). This data and other previous 

studies (Guillou et al., 2010; Sherwood et al., 2010) suggests that the absence of a 

versatile cohesion establishment factor such as Pds5 should destabilise the replication 

forks due to failure to establish sister chromatid cohesion. This might consequently lead 

to activation of the DNA damage checkpoint response, as unstable replication forks 

have been shown to be prime sources of DNA damage in both prokaryotes and 

eukaryotes (Heller & Marians, 2006). Consistent with this notion, depletion of either 

Pds5A or Pds5B led to the phosphorylation of Chk1 on ser317 (Figure 4.14A), suggesting 

that loss of Pds5 proteins activates the DNA damage checkpoint response. Furthermore, 
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my data revealed single and double strand breaks in both Pds5A and Pds5B-depleted 

cells (Figures 4.14B and C). 

Taken together, my data suggests that the delay in DNA replication observed after 

depletion of Pds5 proteins (Figures 4.8, 4.9, and 4.10) resulted from failure to establish 

sister chromatid cohesion behind the replication forks and loss of the Wapl-Pds5 sub-

complex’s ability to keep cohesin in a dynamic state upstream of the replication forks, 

resulting in DNA strand breaks (both single and double) due to cohesin’s anomalous 

conformational change upon acetylation and binding of Sororin to SA1/2 only (in the 

absence of Pds5). The resultant DNA damage would further delay replication as sister 

chromatid cohesion which is required for the integrity of the DNA damage checkpoints 

(Lightfoot et al., 2011) cannot be established, since Pds5 proteins are lacking, thereby 

compromising the DNA damage repair mechanism and destabilising the replication 

forks, which results in constitutively activated DNA damage checkpoint response which 

delays DNA replication. 

5.5 The importance of cohesin acetylation in sister chromatid cohesion 

The data presented in Chapter 3 shows that depletion of acetyltransferases Esco1 and 

Esco2 results in precocious sister chromatid separation (Figure 3.13), consistent with 

previous reports (Minamino et al., 2015). This data suggests that during S-phase cells 

failed to establish sister chromatid cohesion, possibly due to loss of acetylation and 

failure to recruit Sororin upon Esco1 and Esco2 depletion (Figure 3.10). Loosely attached 

sister chromatids cannot align at the metaphase plate and separate precociously, 

leading to chromosome missegregation. 

In normal cells, missegregation is usually prevented by the spindle assembly checkpoint, 

which is activated in the face of aberrant regulation such as unattached kinetochores 

(see Figure 1.3, page 9) (Bharadwaj & Yu, 2004; Barbosa et al., 2011). Depletion of Esco1 

and Esco2 in HeLa cells resulted in detachment of cells from tissue culture plates (see 

Figures 3.19, page 100, and A3, page 208). These floating cells could not incorporate 

BrdU, suggesting that they had already exited S-phase and were most likely arrested in 

mitosis due to loosely attached sister chromatids. To be able to definitively say that 
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depletion of Esco1 and Esco2 activates the spindle assembly checkpoint, future 

experiments must seek to stain for markers such as Mad2, which localise to unattached 

kinetochores. 

Failure to establish sister chromatid cohesion has many adverse consequences for 

chromosome segregation, including multilobed nuclei (Figure 3.14), multiple spindle 

poles (Figure 3.15), chromosomal bridges (Figure 3.16), and micronuclei (Figure 3.17). 

This data suggests that loss of acetylation upon depletion of Esco1 and Esco2 results in 

loosely attached sister chromatids, which eventually impairs chromatin organisation 

and leads to chromosome missegregation. This set of data was generated using 

transformed cells (HeLa) that have inactive p53 (Scheffner, 1998; Hietanen, 2000) and 

it is not surprising to note that some cells evaded the spindle assembly checkpoint and 

proceeded to telophase, carrying with them numerous abnormalities such as 

chromosomal bridges (Figure 3.16) and phenotypes suggestive of aneuploidy, 

micronuclei (3.17) and multiple spindle poles (Figure 3.15). 

Cells have evolved mechanisms such as apoptosis and senescence by which they 

maintain genome integrity and ensure that defective DNA is not propagated and passed 

on to new daughter cells. My data shows that HeLa cells depleted of Esco1 and Esco2 

undergo apoptosis (Figures 3.18A and B). This was confirmed by cleavage of Caspase 3 

(Figure 3.18C), suggesting that Esco1 and Esco2 are required for prevention of 

apoptosis. Surprisingly, depletion of either Esco1, Esco2, or both Esco1 and Esco2 

proteins from RPE1 cells did not induce apoptosis (Figure 3.18A, bottom panels) but was 

characterised by low cell growth (Figure 3.19) and senescence (Figure 3.20A, B, and C). 

Primary cells like RPE1 contain functional p53 (Bodnar et al., 1998; Jiang et al., 1999; Liu 

et al., 2006) and are therefore able to induce senescence in the face of aberrant 

regulation such as loosely attached sister chromatids. This data showed that loss of 

acetylation inhibits cell proliferation, induces apoptosis in transformed cells, and 

initiates senescence in primary cells. Collectively, my data shows that cohesin 

acetylation is vital for the establishment of sister chromatid cohesion, failure of which 

inhibits cellular proliferation and induces different cellular fates, depending on cell type.  
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A recent study has reported that there is a strong correlation between Esco1 expression 

and bladder cancer (Zhang et al., 2016). Esco2 is reported to be one of the proteins that 

are highly upregulated in aggressive melanoma (Ryu et al., 2007). The disparity in cell 

fate observed upon depletion of Esco1 and Esco2 has interesting implications that can 

be exploited by therapeutics aimed at alleviating tumour growths by selectively 

targeting these proteins. Transformed (cancerous) cells can be selectively eliminated by 

having cancer drugs that target Esco1 and Esco2, since both primary (RPE1) and 

transformed (HeLa) cells employ normal cellular responses (senescence and apoptosis) 

to depletion of Esco1 and Esco2 to halt propagation of defective chromosomes. These 

interventions could be aimed at only mitigating overly expressed Esco1 and Esco2 

mRNAs in malignancy to tolerable levels, to avoid detrimental effects of Esco1 and 

Esco2 complete knockdown. Esco1 and Esco2 are potential targets for cancer therapy.  

5.6 Concluding remarks  

In recent years, major advances have been made in the quest to elucidate molecular 

mechanisms of cohesin regulation. Cohesin is an evolutionarily conserved multi-subunit 

protein complex that mediates sister chromatid cohesion. All known functions of 

cohesin appear to involve its capacity to embrace DNA molecules within its ring-shaped 

structure.  Cohesin comprises many associated proteins that have been shown to be 

important for its normal functions. These include Pds5 and acetyltransferases Esco1 and 

Esco2. Pds5 has two homologs, Pds5A and Pds5B. In prophase and telophase or G1, 

Pds5 proteins form a complex with another cohesin regulatory protein, Wapl, and 

destabilize the interaction of cohesin with chromatin. In S-phase, Pds5 proteins are 

important in the establishment of sister chromatid cohesion, upon acetylation of the 

cohesin core-subunit Smc3 by both Esco1 and Esco2, following the passage of the 

replication fork. Recent studies have posted conflicting results on the role of cohesin 

acetylation in regulating DNA replication. Although Pds5 has been studied extensively 

with regard to its participation in regulating sister chromatid cohesion, its role in 

regulating DNA replication was unknown, until now. 

The work presented in this thesis has fulfilled the overall aim of the study, which was to 

characterise the Esco1 and Esco2 proteins in the mammalian cell cycle and investigate 
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the role of Pds5 proteins specifically in DNA replication. The data presented here 

indicate that Pds5 and acetyltransferases Esco1 and Esco2 are functionally important in 

DNA replication. Although both Esco1 and Esco2 localise to chromatin in interphase, 

these proteins are differentially regulated in mitosis; Esco1 is phosphorylated while 

Esco2 is degraded. Depletion of either Esco1 or Esco2 prevents Smc3 acetylation, albeit 

by only a smaller fraction in Esco2-depleted cells. However, depletion of either Esco1 or 

Esco2 results in precocious separation of sister chromatids, delay in DNA replication, 

apoptosis or senescence, and chromosome missegregation. 

Pds5A has a shorter chromatin residence time in mitosis compared to Pds5B. The total 

protein levels of both Pds5A and Pds5B remain constant throughout the cell cycle. Like 

cohesin, Pds5 proteins are loaded onto chromatin in telophase and dissociate from 

chromatin at mitosis. Depletion of Pds5 proteins is characterised by both single and 

double strand break and ultimately activation of the DNA damage checkpoint. Depletion 

of either Pds5A or Pds5B delays DNA replication. Depletion of the anti-establishment 

complex Pds5A and Wapl rescues the defect in DNA replication observed when Pds5A 

is depleted alone. Pds5 seems to regulate DNA replication by facilitating chromatin 

organization and recruitment of cohesin regulatory proteins to chromatin. 

This work has uncovered a number of novel insights into the roles of Pds5 proteins and 

acetyltransferases Esco1 and Esco2 and adds substantially to our current understanding 

of cohesin regulation. I have demonstrated, for the first time, that Pds5 proteins are 

required for efficient fork progression during DNA replication, and that depletion of 

Pds5 proteins induces DNA damage which in turn activates the intra S-phase DNA 

damage checkpoint that slows DNA replication. I have further shown that the delay in 

DNA replication observed after depleting Pds5A can be rescued by depleting the anti-

establishment sub-complex, Wapl and Pds5A. I have also shown, for the first time, that 

not only are Esco1 and Esco2 proteins important for prevention of aneuploidy, but also 

apoptosis and senescence. Importantly, I have demonstrated that acetylation on its 

own may not determine the rate of DNA replication; my data is suggestive of the 

property that cohesin acquires in S-phase that makes it more competent to regulate 

DNA replication. 
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This research has thrown up many questions in need of further investigation. What is 

now needed is a study exploring protein localisation and cellular fate after mutating the 

phosphorylation sites of Esco1 and the KEN box of Esco2. Identifying the binding 

partners of Esco1 and Esco2 will help clarify how loss of acetylation results in apoptosis 

or senescence. Whether these cellular responses are merely a consequence of loosely 

attached sister chromatids is unknown at the moment. 

Further research should also investigate whether cohesion establishment factors such 

as Sororin are recruited to chromatin in the absence of Esco1 and Esco2. It will also be 

important to test if Pds5 proteins and acetyltransferases Esco1 and Esco2 are important 

in the regulation of the length of chromatin loops that house replicon units. 

Investigating how the absence of Pds5 proteins triggers DNA damage will also be key to 

unlocking the mechanism behind the delay in DNA replication upon Pds5 depletion. 

Whether this results from cohesin’s anomalous conformational change upon 

acetylation and binding of Sororin to SA1/2 only in the absence of Pds5, causing strain 

and breaks in entrapped DNA strands, remains speculative. 
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Figure 7.1 Depletion of Esco2 induces formation of multilobed nuclei 

(A) Western blot of HeLa cell lysates following treatment with either control (50 nM) or Esco2 
siRNA (5-50 nM) for 48 h. Control cells were also treated with Aphidicolin (APH, 5µg/ml) and 
Taxol (TXL, 1 µg/ml) for 24 h to arrest them at the G1/S or M-phase, respectively. Cells were 

lysed in RIPA buffer and Western blot was carried out using anti-Esco2 and anti--Tubulin 
antibodies. (B) Immunofluorescence images and quantitation of asynchronous HeLa cells 
following a 48-h treatment with 10 nM of either control or Esco2 siRNAs. Cells were fixed in 
Methanol before being blocked with BSA (5 % w/v) and stained with the anti-Esco2 antibody 
(green). DNA was stained with Hoechst 33342 (blue). *= non-specific binding. Merged images 

are shown in the last panels in B. Scale bar: 10 m.  
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Figure 7.2 Depletion of Sororin results in abnormal metaphase 

(A) Western blot of HeLa cell lysates following treatment with either control (50 nM) or Sororin 
siRNA (5-50 nM) for 48 h. Control cells were also treated with Aphidicolin (APH, 5µg/ml) and 
Taxol (TXL, 1 µg/ml) for 24 h to arrest them at the G1/S or M-phase, respectively. Cells were 

lysed in RIPA buffer and Western blot was carried out using anti-Sororin and anti--Tubulin 
antibodies. (B) Immunofluorescence images of HeLa cells following a 48-h treatment with 50 
nM of the Sororin siRNA. Cells were fixed in Methanol before being blocked with BSA (5 % w/v) 

and stained with the anti--Tubulin antibody (green) or anti--Tubulin antibody (red). DNA was 
stained with Hoechst 33342 (blue). A merged image is shown in the bottom panel in B. Scale 

bar: 10 m. (C) Histogram showing quantification of data in B. 
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Figure 7.3 HeLa cells detaching from tissue culture plates following depletion of Esco1 and 
Esco2 cannot incorporate BrdU 

(A) Immunofluorescence images of BrdU (1 µM)-labelled HeLa cells following a 48 h treatment 
with 50 nM of either control, Esco1, Esco2, or both Esco1 and Esco2 siRNAs. Cells were fixed in 
Methanol before being blocked with BSA (5 % w/v) and stained with the anti-BrdU antibody 
(green). DNA was stained with Hoechst 33342 (blue). Merged images are shown in the last 

panels. Scale bar: 10 m. (B) Histogram showing quantitation of data in (A). The mean+s.e.m of 
at least 100 cells counted in randomly selected fields is shown. ****P < 0.0001. P values were 
calculated using a two-tailed Student t-test. (C) Western blot of adherent HeLa cell lysates after 
mitotic shake-off following treatment with either control (10 nM) or Esco2 siRNA (10 nM) for 

48 h. Cells were lysed in RIPA buffer prior to Western blotting with the anti-Esco2 and anti--
Tubulin antibodies.  
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Figure 7.4 Depletion of Pds5 proteins induces DNA damage 

(A) Representative image showing quantifiable parameters of a comet (adapted from Cell 
Biolabs, Inc. product data sheet). (B and C) Histograms showing quantitation of Tail Lengths and 
Olive Tail Moments, respectively, of comets derived from Propidium Iodide (1 mg/ml)-labelled 
HeLa cells following a 48 h-treatment with 50 nM of either control, Pds5A, or Pds5B siRNAs. 
Control cells were also X-Ray irradiated (195 kV) for 6 min and 19 s. The mean+s.e.m of at least 
100 cells scored in randomly selected fields is shown. ***P < 0.001 ****P < 0.0001. P values 
were calculated using a two-tailed Student t-test. Prior to image analysis, cells were mixed with 
low melting point agarose and electrophoresis performed in ice-cold alkali buffer at 30V, 300mA 
for 20 min. 
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