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Summary 

The cancer-associated Epstein Barr virus (EBV) infects and immortalises B cells and 

alters the expression of numerous cellular genes involved in the regulation of cell cycle 

and multiple growth and survival pathways. We investigated cell cycle regulation by 

EBV focusing on RGC-32, a cell cycle regulator that is translationally upregulated in 

EBV-infected cells. RGC-32 interacts with two mitotic kinases, cyclin-dependent 

kinase 1 (CDK1) and polo-like kinase 1 (PLK1) and overexpression of RGC-32 in B 

cells disrupts cell cycle arrest. Using Surface Plasmon Resonance and Microscale 

Thermophoresis (MST) and recombinant proteins, we demonstrated that RGC-32 

directly interacts with CDK1. The affinity of this interaction is increased in the presence 

of Cyclin B1. Pull-down studies also identified the kinetochore subunit Spc24-25 as a 

new binding partner of RGC-32 and we confirmed this interaction using recombinant 

proteins and MST. The role of RGC-32 in regulating the G2/M transition was 

investigated using live-cell imaging. We generated a stable transgenic ‘knock-in’ RGC-

32 inducible cell line in an ATP analogue-sensitive CDK1 background. Using this cell 

line arrested in G2 through CDK1 inhibition by the ATP analogue we demonstrated the 

ability of RGC-32 to promote mitotic entry and activate CDK1 in vivo. CDK1 

activation was associated with decreased ‘inactivating’ phosphorylation on tyrosine 15 

of CDK1.We also identified the B-cell receptor (BCR) signalling pathway to be 

potentially targeted by the EBV transcription factors Epstein-Barr virus nuclear 

antigens (EBNA) 2, 3A, 3B and 3C. To confirm regulation of BCR genes bound by 

these EBNAs, we performed gene expression profiling. We showed that CD19, SYK, 

LYN, INPP5D, PIK3R1, PIK3R3, PIK3R5 are regulated by EBNA2 and EBNA3s. Our 

data demonstrated transcriptional repression of the PI3K-AKT pathway genes and 

decreased ‘activating’ phosphorylation of Akt by EBNA2, EBNA3A and EBNA3C.  

Our data provide new insights into B cell reprogramming by EBV. 
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1 Introduction  

1.1 The Cell Cycle 

The cell cycle is a highly regulated series of events that allows a eukaryotic cell to 

reproduce. It consists of two main discrete stages called the Synthesis (S) phase and the 

Mitotic (M) phase. These two phases are separated by Gap (G1 & G2) phases. During the 

synthesis phase, DNA is duplicated by replication of its two complementary strands, a 

process that is regulated by the replication machinery (Meselson and Stahl, 1958). 

Duplicated chromosomes (sister chromatids) are held together by a ring-shaped protein 

complex called cohesin.  

Mitosis is further subdivided into five different phases: prophase, prometaphase, 

metaphase, anaphase and telophase. In prophase, chromatids condense, and the 

centrosomes duplicate and migrate to the poles forming spindle poles. The transition into 

prometaphase is marked by nuclear envelope breakdown (NEB), which allows the 

microtubules to make contact with the chromosomes (Cheeseman and Desai, 2008). 

During metaphase, the sister chromatids align in a midzone called the metaphase plate. 

This is followed by the sister chromatids being pulled apart as a result of 

depolymerisation of kinetochore-microtubule complexes in anaphase. Lastly, anaphase 

is followed by telophase where the chromosomes de-condense and one of each sister 

chromatid pair is distributed to the daughter cell after that the nuclear envelope reforms 

(Morgan, 2007).  

The gap (G1 & G2) phases provide time for cell growth and serve as an important 

regulatory transition in which the progression into the next stage is controlled. Cells 

cannot proceed into the next phase if the process from the previous phase is not 
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completed. During G1 phase, the cells decide whether to enter the next cell cycle and 

coordinate the molecular signals for DNA synthesis or choose to enter the G0 phase 

where they become senescent (reviewed in (Vermeulen et al., 2003)). In G2 phase, the 

cells prepare to enter mitosis. During this phase, Cyclin A and Cyclin B are synthesised 

and any DNA damage that might have occurred during S phase is repaired. The cell cycle 

is highly regulated by four different checkpoints: G1/S, intra-S, G2/M and the mitotic 

spindle checkpoint (Barnum and O'Connell, 2014). Each of these checkpoints has an 

important role in the cell cycle which is discussed in the following paragraphs. 

The G1/S checkpoint makes sure that the cells have achieved sufficient growth without 

any DNA damage. The intra S checkpoint ensures that DNA replicates without any faults. 

The G2/M checkpoint verifies the completion of DNA replication and determines 

whether there is any DNA damage before the cell proceeds into M phase. Finally, the 

mitotic spindle checkpoint verifies whether the spindle is completely assembled, and the 

kinetochores of sister chromatids have been attached correctly to the opposite spindle 

poles for segregation (reviewed in (Vermeulen et al., 2003)). 

The essential components involved in the cell cycle regulation are the cyclin-dependent 

kinases (Cdks) and cyclins. Cdks are serine/threonine kinases that are activated by 

binding to a specific cyclin (reviewed in (Malumbres and Pérez De Castro, 2014)). 

Various Cdks are present throughout the cell cycle but the oscillation in their activity is 

primarily due to the changes in the amounts of specific cyclins which are synthesised and 

subsequently degraded by ubiquitin-mediated proteolysis. For example, in G0 phase, 

expression of cyclin D needs to be upregulated for the quiescent cell to enter the cell 

cycle. It forms a complex with CDK 4/6 which induces the expression of cyclin E. 
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Binding of cyclin E to CDK2 promotes G1/S transition (Blagosklonny and Pardee, 2002). 

In S phase, however, CDK2 binds to cyclin A which is required for progression through 

S phase. Cyclin A also has the ability to bind CDK1 during the G2 phase which then 

dissociates and binds to cyclin B for the progression through the G2/M checkpoint 

(reviewed in (Vermeulen et al., 2003)) (Figure 1.1). 

Another important family of proteins that play a role in cell cycle regulation is the CDK 

inhibitors (CKI). These proteins negatively regulate CDK activity (Peter and Herskowitz, 

1994). The CDKIs are classified into two families based on sequence homology and 

target inhibition: The CIP/KIP family comprising p21WAF1/CIP1, p27KIP1, p57KIP2 and the 

INK4 family comprising p16INK4A, p15INK4C, p19INK4D. The CIP/KIP inhibitors inhibit the 

activity of CDK-cyclin complex whereas INK4 inhibitors prevent the association of CDK 

with their cyclin partner (Morgan, 1997, Sherr and Roberts, 1999). 

1.1.1 The G1/S Checkpoint 

At the G1/S checkpoint, cell-cycle arrest induced by DNA damage occurs via ATM 

(ATR)/CHK2 (CHK1)–p53/MDM2-p21 pathway. The protein kinases, Ataxia-

telangiectasia-mutated (ATM) and ATM-Rad3-related (ATR) are critical regulators of 

DNA damage response. ATR responds primarily to DNA damage mainly at the 

replication forks, whereas ATM is activated primarily to DNA double-strand breaks 

(DSBs). Upon DNA damage, these kinases are recruited at the break sites followed by  
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Figure 1.1 The mammalian cell cycle. 
Cell cycle is a unidirectional event consisting of different phases. The cell grows in three phases. 
In G1 & G2 phase the cell grows in size whereas, in S phase, DNA is replicated. In M phase, the 
cell divides into two daughter cells. The unidirectional progression of cells from one phase to the 
other is dependent on the association of specific Cyclins with Cyclin Dependent Kinase (CDKs).  
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cell cycle arrest and DNA repair (reviewed in (Awasthi et al., 2016)). ATM and ATR 

further phosphorylate p53 to activate downstream signalling cascade. Phosphorylated 

p53 cannot bind to ubiquitin ligase MDM2 resulting in stabilisation and accumulation of 

p53 protein (reviewed in (Kastan and Bartek, 2004)). p53 acts as a transcriptional 

activator of various genes such as p21WAF1/CIP1, MDM2 (Mouse Double Minute 2 

homolog) and BAX (Bcl-2-associated X protein) (Agarwal et al., 1998). Active p53 

induces p21WAF1/CIP1 transcription which then silences CDK2/cyclin E complex and 

results in G1 arrest (Sherr and Roberts, 1999). Furthermore, silencing of CDK2/ cyclin E 

keeps the Retinoblastoma (Rb) protein activated which associates with the E2F 

transcription factor causing sustained G1 blockade (reviewed in (Kastan and Bartek, 

2004)). 

1.1.2 Activation of the CDK1-Cyclin B complex 

The CDK1-Cyclin B complex plays a key role in the regulation of mitosis. Investigations 

into the genes that regulate cell size at cell division led to the identification of M phase-

promoting factor (MPF) (Masui and Markert, 1971, Smith and Ecker, 1971). Subsequent 

studies revealed the components of MPF to be CDK1 and cyclin B (Lohka et al., 1988). 

The CDK1-Cyclin B complex remains inactive until late G2 (Lindqvist et al., 2007). 

Cyclin B binding is required for CDK1 activation, but it is not sufficient for complete 

activation of CDK1. After cyclin binding, the CDK-activating kinase (CAK) 

phosphorylates CDK-cyclin complex at conserved threonine residue within the T loop 

(Thr161, CDK1; Thr160, CDK2; Thr172 CDK4) (Draetta, 1993, Ji and T., 2013, Liu and 

Kipreos, 2013) (Figure 1.2). 
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Figure 1.2 Activation of CDK1-Cyclin B via a feedback loop.  
Schematic representation of Cyclin B-CDK1 activation at mitotic entry. Cyclin B binds with CDK1 
and the complex is fully activated by CAK by phosphorylation at Thr161 (Kaldis, 1999). Inhibitory 
phosphorylation by Wee1/Myt1 on T14 (Thr14) and Y15 (Tyr15) keeps this complex inactive (Nurse 
and Thuriaux, 1980, Mueller et al., 1995). During the G2/M transition, Cdc25 phosphatase removes 
the inhibitory phosphorylation on T14 and Y15 to activate the CDK1-Cyclin B complex which then 
phosphorylates its mitotic substrates (Gautier et al., 1991). As a result, CDK1 activates Cdc25 and 
inhibits Wee1/Myt1 via phosphorylation thereby creating a feedback loop. PLK1 also promotes 
activation of CDK1-Cyclin B complex by activating Cdc25 and targeting Wee1/Myt1 for ubiquitin-
mediated degradation (Kumagai and Dunphy, 1996, Watanabe et al., 2004, Inoue and Sagata, 2005). 
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These active complexes are kept inert by phosphorylation on two key residues on CDK1, 

Thr14 and Tyr15 that are located within the ATP binding domain (Gu et al., 1992, 

Welburn et al., 2007). Functional studies in Schizosaccharomyces Pombe (fission yeast) 

identified the Wee1 kinase playing a role in coordinating cell size with the cell cycle. 

This kinase was found to prevent cells of smaller size from entering mitosis. In humans, 

Wee1 only phosphorylates Tyr15 of CDK1 (Nurse and Thuriaux, 1980, Parker et al., 

1991, Parker and Piwnica-Worms, 1992, McGowan and Russell, 1993). Another kinase 

Myt1 was found to phosphorylate Thr14 and Tyr15 residues in Xenopus leavis cdc2 and 

this kinase is well conserved in humans. Both Wee1 and Myt1 are regulated by 

phosphorylation and localisation (Mueller et al., 1995, Fattaey and Booher, 1997). At the 

G2/M transition, CDK1-Cyclin B initiates a negative feedback loop by phosphorylating 

Wee1 at Ser123 which then initiates a cascade of events for degradation of Wee1. 

Phosphorylation of Ser123 provides a docking site for PLK1 which further 

phosphorylates Wee1 at Ser53 resulting into its degradation by β-TrCP (reviewed in 

(Perry and Kornbluth, 2007)). Wee1 is also known to promote its activity via 

autophosphorylation of two tyrosine residues (Katayama et al., 2005).  

During mitotic entry, the Cdc25 phosphatase activates CDK1 by removing the inhibitory 

phosphorylation on Thr14 and Tyr15. Cdc25 is a dual specificity phosphatase that 

regulates both G1/S and G2/M transition. In higher eukaryotes, there are three Cdc25 

genes, Cdc25A which predominantly regulates the G1/S transition and Cdc25 B and C 

which are involved in the G2/M transition (Gautier et al., 1991, Hoffmann et al., 1994, 

Jinno et al., 1994, Blomberg and Hoffmann, 1999, Chen et al., 2001). However, studies 

have shown that Cdc25A can activate CDK1-Cyclin B in the absence of Cdc25B and 

Cdc25C (Lindqvist et al., 2005). During the G2/M transition, Cdc25 is phosphorylated at 
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Thr130 by PLK1 which releases it from the inhibitory binding to 14-3-3 proteins. 

However, complete activation of Cdc25 is only achieved upon phosphorylation of Ser214 

of Cdc25 by CDK1-Cyclin B. This promotes protein-protein interaction (PPI) mediated 

dephosphorylation of Ser287. Together, CDK1-Cyclin B regulated positive and negative 

feedback loops ensure activation of activators and inhibition of inhibitors thereby 

amplifying activation of CDK1 leading to mitotic entry (Figure 1.2) (reviewed in (Perry 

and Kornbluth, 2007)).  

1.1.3 Structure of CDK1-Cyclin B complex 

The crystal structure of human CDK1 bound to Cks1 determined at 2.6 Å resolution (PDB 

4YC6) shows the monomeric CDK1 to adopt a short α-helical structure with the c-helix 

displaced out of the active site (Brown et al., 2015). The activation segment of CDK is 

incapable of adopting a conformation in its non-phosphorylated state. For substrate 

binding, the ‘T-loop’ needs to undergo conformational changes by binding to cyclin 

partner followed by active phosphorylation on Thr residue (Thr 161, CDK1; Thr 160, 

CDK2; Thr172. CDK4) (Draetta, 1993, Ji and T., 2013, Liu and Kipreos, 2013). 

The crystal structure of the human CDK1 in complex with Csk2 and cyclin B was 

elucidated at 2.7 Å resolution (PDB 4YC3) (Brown et al., 2015). The structure shows one 

molecule of each of the three protein partners forming a ternary complex. Cyclin B and 

Csk2 bind to different regions of CDK1, almost diametrically opposite. It further 

highlights the reorientation of C-helix of CDK1 upon binding to cyclin B (Figure 1.3A). 

The binding shows an opening at the interface associated with a twist between the two 

proteins. As a result, fewer interactions are made between CDK1 and cyclin B. 

Additionally, CDK1 forms a short β-hairpin with residue F153 and G154 that sits within 
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the hydrophobic groove of cyclin B creating a solvent filled cleft between CDK1 and 

cyclin B. The activation segment of CDK1(146-173 aa) shows a disordered region that 

requires considerable rearrangement for peptide substrate recognition when bound to 

cyclin B (Petri et al., 2007, Brown et al., 2015).  

CDK1 and CDK2 share 65% of the sequence identity (Brown et al., 2015). However, the 

mechanism of their binding to respective cyclin partners varies, which governs their 

preference towards substrates. For example, the activation segment of CDK2 adopts a 

conformation that requires little rearrangement as a result of organised catalytic residues 

within the active site (Jeffrey et al., 1995). Moreover, binding of CDK2 with cyclin A 

forms a large binding interface that is 30% greater than that of CDK1-Cyclin B (Figure 

1.3B). In fact, the interaction interface of CDK2-CyclinA is also greater than that of 

CDK4-Cyclin D3 (Figure 1.3C). Interestingly, binding of cyclin D3 to CDK4 is not 

sufficient to drive active conformation of CDK4 (Takaki et al., 2009). The C-helix of 

CDK4 remains displaced from the active site with the activation segment making no 

contact with cyclin D3 subunit. Irrespective of phosphorylation and binding to cyclin D, 

CDK4 is unable to perform catalysis (Day et al., 2009). Overall, by comparing the 

structure of different CDK-Cyclin complexes, a diverse response by CDK is observed 

upon cyclin binding.  
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Figure 1.3 Comparison of the CDK1-Cyclin B-Cks2 structure with the CDK2-Cyclin A and 
CDK4-Cyclin D3 structure.  
The complexes are shown in front view (A) CDK1-cyclin B-Cks1 (PDB 4YC3) (B) CDK2-cyclin A 
(PDB 1FIN) (C) CDK4-cyclin D3 (PDB 3G33). CDK N- and C-terminal lobes are coloured in white 
and coral respectively, with the activation segment coloured in cyan and the C-helix is coloured in 
red. Cyclin subunits are coloured green and the Cks subunit is coloured in ice blue (adapted from 
(Brown et al., 2015)). 
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1.1.4 The G2/M Checkpoint 

The G2/M checkpoint is activated when cells experience DNA damage during the G2 

phase. The CDK1-Cyclin B complex is a critical target of the G2/M checkpoint (reviewed 

in (Kastan and Bartek, 2004)). DNA damage induces the activation of the ATM/ATR 

pathway and the p53 pathway. ATM and ATR phosphorylate and activate their downstream 

activator kinases, Chk2 and Chk1 respectively. Chk kinases phosphorylate Ser216 of 

Cdc25 phosphatase and promote its binding to 14-3-3 proteins, thereby sequestering it 

outside the nucleus and inhibiting its activity (reviewed in (Vermeulen et al., 2003)). As 

Cdc25 phosphatase is known to activate CDK1 at the G2/M boundary, by removing 

inhibitory phosphates on CDK1, inactivation of Cdc25 leads to accumulation of inactive 

CDK1 causing G2 blockade. Moreover, studies have shown that p53 promotes the 

binding of 14-3-3 proteins to CDK1-Cyclin B leading to its sequestration in the cytoplasm 

(Hermeking et al., 1997, Chan et al., 2000).  

1.1.5 Mitotic Entry 

Once the G2/M checkpoint is resolved, mitotic entry is initiated by activation of CDK1-

Cyclin B complex via multiple feedback loops. CDK1-Cyclin B complexes are mostly 

cytoplasmic and upon activation, they localise to the nucleus and accumulate at the 

centrosomes. Cyclin B is known to shuttle between the nucleus and cytoplasm as a 

consequence of phosphorylation on serine residues in the cytoplasmic retention sequence 

(CRS) or the nuclear export signal (NES). PLK1 phosphorylates Ser133 and Ser147 

residues of cyclin B and promotes its nuclear translocation. Phospho-mutants of these 

residues S133A and S147A resulted in cytoplasmic retention of cyclin B in prophase 

(Toyoshima-Morimoto et al., 2001). In addition, recent studies found PLK1 mediated 
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active phosphorylation of Ser75 in Cdc25C leads to activation of the CDK1-Cyclin B 

complex (Gheghiani et al., 2017). Once the threshold for active CDK1-Cyclin B is 

achieved, CDK1 phosphorylates Lamin proteins resulting in nuclear envelope 

breakdown. It also phosphorylates proteins that initiate substantial changes in chromatin 

and chromosomal structure essential for entry into mitosis (reviewed in (Foley and 

Kapoor, 2013). Overall, regulatory phosphorylation and localisation of serine/threonine 

protein kinases is crucial for cells to commit to mitosis in a tightly regulated manner. 

1.2 The Kinetochore 

Kinetochores are proteinaceous complexes made up of more than 100 different proteins 

which hierarchically assemble on the centromere during prophase (Gascoigne et al., 

2011). They are found on the outer surface of the centromere on each chromatid during 

mitosis. These large molecular machines serve as a platform to physically link the 

chromosome to microtubules (Figure 1.4).  

Electron Microscopy studies of mammalian kinetochores have revealed that kinetochores 

are made up of two regions, the thin inner plate and thick outer plate (Rieder, 1982). The 

inner plate acts as a stabiliser through contacts with centromeric chromatin and the outer 

plate provides a surface for microtubule attachment. The constitutive centromere-

associated network (CCAN) localises to the inner kinetochore. The components of CCAN 

then recruits the complexes forming the KMN (KNL1 complex, Mis12 complex and 

NDC80 complex) network which localises to the outer kinetochore (Cheeseman and 

Desai, 2008, Gascoigne et al., 2011). 

Within the KMN network, the NDC80 complex has emerged as a crucial component of 

the kinetochore machinery. This complex is conserved from fungi to humans and is 
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known to play a key role in kinetochore-microtubule attachment (Table 1.1). It is also 

involved in the recruitment of the SAC (Spindle Assembly Checkpoint) proteins Mad1, 

Mad2 and Mps1 to unattached kinetochores and depletion of the NDC80 complex 

abrogates the SAC (reviewed in (Ciferri et al., 2007)). The NDC80 complex is formed of 

four protein subunits, NDC80/Hec1, Nuclear filamentous 2 (Nuf2), Spindle pole 

component 24 and 25 (Spc24-Spc25) (Figure 1.4). These four proteins form a rod-like 

structure with globular heads at each end. The NDC80/Hec1 and Nuf2 form a sub-

complex at one end which localises to the outer kinetochore whereas Spc24-Spc25 form 

a sub-complex at the other end localising to the inner kinetochore (Cheeseman and Desai, 

2008). 

Kinetochores are involved in two fundamental mechanisms, firstly they confirm the 

correct kinetochore-microtubule attachment and secondly they ensure synchronisation of 

complete kinetochore-microtubule attachment with progression of cell cycle (Santaguida 

and Musacchio, 2009). In budding yeast, histone-fold protein Cnn-1 (human homologue 

CENP-T) interacts with the Spc24-25 subunit by binding at the hydrophobic pocket in 

the globular domain of Spc24-25. This interaction is important for the attachment of the 

kinetochore to microtubules (Malvezzi et al., 2013). Furthermore, structural studies using 

CENP-T from Gallus Gallus (chicken) reveals the α-helical region of CENP-T to 

associate closely with β-sheet of Spc25 (Figure 6.5B). Hydrophobic residues in Spc24-

25 are critical for this interaction. In addition phosphorylation on the N-terminus of 

chicken CENP-T by CDK1 improves its binding affinity for Spc24-25 (Nishino et al., 

2013).  

 



Page 14 

 

 

 

 

 

      

 

 

 

  

Figure 1.4 Structure of the Kinetochore. 
Schematic representation of kinetochore organisation onto the centromere: The two main 
components of the kinetochore that make the inner plate and outer plate are constitutive 
centromere associated network (CCAN) and KMN network. The KMN network consists of the 
KNL1 complex, the Mis12 complex and the NDC80 complex. The structure of the NDC80 
complex from the KMN is overall rod-like in shape: The N-terminal globular domain consists of 
NDC80 and Nuf2 complex poised at the outer kinetochore whereas the C-terminal is made up of 
Spc-24/25 and lies proximal to the chromosome (Santaguida and Musacchio, 2009, Lampert and 
Westermann, 2011).  
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Table 1.1 showing the conserved components of the inner kinetochore from yeast to humans 
(adapted from (Santaguida and Musacchio, 2009)). 



Page 16 

 

1.3 Epstein Barr Virus (EBV) 

Epstein Barr Virus is a human lymphotropic gamma-1 herpesvirus which infects over 

90% of the worldwide population. It was first isolated in 1964 in B lymphocytes derived 

from an African Burkitt’s Lymphoma (BL) (Epstein et al., 1964) and was the first herpes 

virus to have its whole genome sequenced. EBV preferentially infects resting B cells as 

a persistent latent infection resulting in immortalisation of B-lymphocytes. To date it has 

been associated with numerous human cancers including Burkitt’s lymphoma (BL), 

Hodgkin’s lymphoma, nasopharyngeal carcinoma (NPC), gastric carcinoma, post-

transplant lymphoproliferative disease (PTLD), AIDS-associated B-lymphoma and 

diffuse large B-cell lymphoma (DLBCL) (reviewed in (Young and Murray, 2003, Hong 

et al., 2015, Young et al., 2016). Like all other herpes viruses, EBV also has two phases 

in its life cycle: a dormant life phase also known as latent phase and an acute productive 

phase also known as the lytic phase. In latency, the virus maintains its genome 

persistently in infected cells whereas, during lytic phase, new viral particles are produced 

after the DNA has been replicated and packed in virions (reviewed in (Murray and Young, 

2001). 

There are two types of EBV, type 1 also known as type A (e.g. B95-8 strain) and type 2 

also known as type B (e.g. AG876 strain). These two types are mainly classified based 

on variance in their DNA sequence of the EBNA2 latent gene (Adldinger et al., 1985). 

Both types also differ in the sequence of other important latent genes, EBNA3A, 

EBNA3B, and EBNA3C (Sample et al., 1990). These EBV latent genes are explained in 

detail in the following section. Type I is more prevalent in the West whereas 1 and 2 are 

equally found to be prevalent in Africa and Papua New Guinea. Recent studies suggest 

type 2 EBV to be dominant in Mexico (Tzellos and Farrell, 2012, Farrell, 2015). 
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Interestingly, studies have shown type 1 EBV to transform and immortalise B cell more 

efficiently than type 2, highlighting the role of EBNA2 in B cell transformation 

(Rickinson et al., 1987). 

Like all other herpesviruses, EBV has a naked double-stranded DNA core enclosed in a 

nucleocapsid. The size of the virion ranges between 120-260 nm. The nucleocapsid is 

further surrounded by a lipid layer composed of viral glycoprotein spikes namely gp350, 

gp150, gp42, gH, gB and gL. These glycoprotein spikes are used by the virus to attach 

and infect the host cell (Longnecker et al., 2013, Pellet and Roizman, 2013). Although 

EBV preferentially infects B cells, it has the ability to infect epithelial cells mediated by 

the Ephrin receptor A2 (EphA2) on the epithelial cells (Zhang et al., 2018). Recent 

studies also show EBV type 2 to exploit T cells by infecting them and establishing an 

additional latency reservoir (Coleman et al., 2015, Coleman et al., 2017, Zhang et al., 

2018). 

1.3.1 EBV Genome 

The complete sequence of the EBV genome was originally obtained by sequencing 

BamHI digested fragments of the B95-8 strain of EBV (Baer et al., 1984). The BamHI 

fragments were given alphabetical letters (A-Z) based on the size of the fragment with 

‘A’ being the largest fragment and ‘Z’ being the smallest. The various ORF were named 

based on their location and orientation of transcription within the BamHI digested 

fragment (Longnecker et al., 2013).  

The EBV genome is a linear, double-stranded DNA approximately 172 Kb in length 

which circularises upon infection and is detectable 20 hours post infection (reviewed in 
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(Kempkes and Robertson, 2015)). Circularisation of the genome occurs via fusion of the 

two-terminal repeat ends of the linear DNA. The EBV genome encodes approximately 

ninety genes. Out of these, only 11 coding genes in addition to several miRNAs are 

expressed when primary B cells are infected by EBV in culture generating 

lymphoblastoid cell lines (LCLs). These genes play a crucial role in EBV immortalisation 

(reviewed (Murray and Young, 2001, Young and Rickinson, 2004)). Expression of EBV 

latent genes is driven from several promoters: the LMP and the W, C, and Q promoters 

(Figure 1.5) (reviewed in (Young and Rickinson, 2004)). The transcription of the six 

EBV nuclear antigens (EBNA1, 2, 3A, 3B, 3C and -LP) is initiated from either Cp or Wp 

and transcription of latent membrane proteins, LMP1, 2A and 2B is initiated from LMP1 

and LMP2 promoters, respectively. Following infection, Wp is activated by host cell 

factors resulting in transcription of EBNALP and EBNA2 expressing transcripts. 

Expression of EBNA2 switches promoter usage from Wp to the EBNA2-activated C 

promoter (Cp) leading to the expression of all the EBNAs. Wp becomes methylated 

within 36 hours of infection (Woisetschlaeger et al., 1990). The Q promoter (Qp) drives 

expression of EBNA 1 in latent infections where EBNA2 is not expressed (see section 

1.3.4) and leads to inactivation of Cp (reviewed in (Takacs et al., 2010)). EBV does not 

encode its own RNA polymerase so relies on the cellular RNA polymerase II machinery 

(Bodescot and Perricaudet, 1986). The EBV genome also encodes several non-coding 

RNAs such as nonpolyadenylated EBV-encoded small RNAs  (EBER) 1 & 2 (Lerner et 

al., 1981) and multiple microRNAs (miRNA) that are derived from two independent 

transcripts, BamHI-A rightward transcript (BARTs) and BamHI rightward reading frame 

1 (BHRF1) (reviewed in (Kempkes and Robertson, 2015)). 
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Figure 1.5 The EBV Genome.  
The diagram shows transcription of latent genes on the double stranded viral genome of 172 kb. The 
purple blocks represent coding exons for latent proteins and the arrows indicate the direction in which 
they are transcribed. The blue line shows transcription of EBNA1 from promoter Q during latency I 
and II states of gene expression. The red line shows transcription of EBNAs from promoter C or W 
during latency III. The origin of plasmid replication is coloured orange (adapted from (Murray and 
Young, 2001)).  
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The EBV genome has a single origin of replication (OriP). Recent studies suggest OriP 

serves as a central hub in mediating several interactions with the viral genome. Chromatin 

conformation capture (3C) studies show OriP to act as transcriptional enhancer by 

physically interacting with the Cp and LMP1/2 promoters (Tempera et al., 2011, Tempera 

and Lieberman, 2014). OriP is made up of two functional domains, the family of repeats 

(FR) and the Dyad symmetry (DS) element. Replication of EBV DNA during latency is 

mediated by binding of EBNA1 to the FR and DS elements followed by recruitment of 

the cellular DNA replication machinery (Yates et al., 2000). DNA replication during lytic 

phase is directed by a distinct region of the viral genome, OriLyt (Hammerschmidt and 

Sugden, 1988, Schepers et al., 1993).  

1.3.2 EBV Infection 

EBV is shed in saliva and usually spreads by salivary contacts e.g. kissing, sharing of 

food, sharing of cooking utensils, or parental food (Niederman et al., 1976). EBV 

infection generally occurs during the early years of childhood and does not show any 

symptoms (De Matteo et al., 2003). Primary infection when delayed until adolescence 

can lead to infectious mononucleosis (IM) (also known as glandular fever) in 30-50% of 

cases (reviewed in (Henke et al., 1973, Klein et al., 2010)). 

Studies have reported infection of epithelial cells in the oropharynx to be less efficient 

than B-cells and to occur through a separate pathway which requires the gH and gL 

glycoproteins of EBV (Borza and Hutt-Fletcher, 2002, Shannon-Lowe and Rowe, 2011). 

Recently studies in human gastric adenocarcinoma cell line show EBV entry to be 

mediated by EphA2 (Chen et al., 2018). The in vitro infection of epithelial cells does not 

activate the full-growth transforming programme of EBV and rarely achieves full lytic 
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replication. Interestingly, EBV infection of premalignant nasopharyngeal epithelial cells 

with inactive p16 support the establishment of EBV latency though the mechanism of 

latency establishment needs further elucidation (Tsang et al., 2014). One of the 

malignancies associated with EBV infection of epithelial cells is Nasopharyngeal 

carcinoma (reviewed in (Young and Rickinson, 2004)).  

EBV infects resting B-cells by binding of its viral envelope glycoprotein gp350 and gp42 

to the CD21 (CR2) receptor on the surface of B-cells and the human leukocyte antigen 

(HLA) class II molecule acts as a co-receptor. Upon infection, the terminal repeats of 

EBV genome undergo circularisation and are maintained as an episome which is 

transcribed by the cellular transcription machinery to encode the series of EBV proteins 

needed to infect cells (Hurley and Thorley-Lawson, 1988).  

EBV can persist in infected B cells in different latent states: Latency 0, Latency I, Latency 

II, and Latency III by expressing different latent genes (Table 1.2). Upon infection of 

epithelial cells, the infectious particles spread and infect the surrounding naïve B-cells. 

The virus establishes latent infection in B lymphocytes by using its growth program 

(Latency III), leading to uncontrolled cell proliferation. The proliferating blasts enter the 

germinal centre where they differentiate as memory B-cells during which the virus 

switches from growth program to default program expressing minimal latent proteins 

(Latency II) (reviewed in (Thorley-Lawson and Gross, 2004, Young and Rickinson, 

2004)). EBV can persist life-long in the host by entering the pool of memory B-cells 

(Latency I/ Latency 0). 
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Table 1.2 showing the proteins expressed during different Latencies by EBV and the 
associated malignancies.  
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These memory B-cells can exit the cell cycle and enter the peripheral circulation and 

differentiate into plasma cells in response to signals from T-cells. The infected plasma 

cells are capable of producing virions as they undergo cell division as a part of the normal 

mechanism leading to replication of viral DNA, producing infectious virus (Figure 1.6) 

(reviewed in (Young et al., 2016)). 

After infection of B-cells, the virus upregulates the expression of B-cell activation 

markers including CD23, CD30, CD39 and CD70 as well as cell adhesion molecules such 

as CD11a, CD58 and CD54 which are normally expressed at low levels by resting B-cells 

and are activated by antigenic stimuli. This indicates that EBV induces immortalisation 

of B cells though constitutive activation of the same cellular pathways that drive 

physiological B-cell proliferation (reviewed in (Young and Rickinson, 2004)).  

1.3.3 EBV Latent Cycle 

EBV primary infection triggers an inflammatory response like any other infectious agent. 

EBV-mediated transformation of B cells initiates CD8+ and CD4+ T cells immune 

response. These T cells are reactive to EBV latent and lytic antigens, thereby inhibiting 

the growth of infected cells (Landais et al., 2005). The ‘growth latency program’ (Latency 

III) is usually observed in EBV infected B cells that transform into proliferating blasts 

and in B cell tumours that arise in AIDS patients or post-transplant patients and in in vitro 

infected LCLs as the T-cell response is absent. In Latency II, the expression pattern of 

latent genes is restricted by the virus in order to access B cell differentiation pathways 

and is detected in undifferentiated nasopharyngeal carcinoma, Hodgkin’s disease and T-

cell lymphoma. 
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Figure 1.6 EBV infection.  
EBV infects epithelial cells in the oropharynx. The virus then infects B cells that are trafficking 
through the oropharynx. Infection of naïve B cells transforms them into proliferating blasts expressing 
all the latent genes. These blasts enter germinal center where the virus switches from growth program 
to default program by expressing only EBNA1 and latent membrane proteins. These cells can enter 
pool of memory B cells where the virus further switches off the expression of viral proteins and do not 
stimulate any immune response. The memory B cells exit the cell cycle and differentiate into plasma 
cells through periodic activation by antigen. The plasma cells can reactivate lytic replication of the 
virus by switching on the lytic genes leading to subsequent production and release of virions into 
saliva.  



Page 25 

 

Latency I is an immune invasion strategy by the virus as the infected cells are less 

antigenic and are detected in Burkitt’s lymphoma and AIDS-related DLBCL where 

minimal EBV genes are expressed to allow maintenance of the viral genome. In Latency 

0 none of the EBV latent proteins are expressed indicating that the infected cells have the 

ability to shut off latent gene expression and switch it back on when the virus needs to 

replicate (reviewed in(Young and Murray, 2003, Young and Rickinson, 2004)). 

1.3.4 EBV Latent Proteins 

Some of the EBV latent proteins are crucial for immortalisation of infected B-cells. They 

play a role in hijacking various cellular pathways by mimicking cellular receptors, driving 

cell growth, remodelling of chromatin, transformation and immune evasion thereby 

allowing the virus to establish a persistent infection. The role of each of these latent 

proteins is discussed in the following paragraphs: 

1.3.4.1 EBNA1 

EBNA1 is expressed in all virus-related tumours. EBNA1 is ~76 kDa in size and contains 

two Glycine-Arginine rich regions: a variable Glycine-Alanine repeat, and a DNA 

binding and dimerisation domain. EBNA1 plays a key role in virus transcription, DNA 

replication, episome maintenance and host-cell survival (exemplified in (Frappier, 

2012)). During Latency I, EBNA1 is transcribed from the Q promoter (Qp). It then binds 

to the Origin of replication (OriP) throughout the cell cycle and is known to recruit the 

cellular origin recognition complex (ORC) to the DS element of OriP for initiation of 

EBV DNA replication (Hsieh et al., 1993, Schepers et al., 2001). The viral episome is 

replicated once in each cell cycle along with the host DNA.  
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Binding of EBNA1 to the FR element of OriP is requisite for it to act as a transcriptional 

activator (Lupton and Levine, 1985, Reisman and Sugden, 1986). EBNA1 induces the 

expression of other EBV latent genes by trans-activating the Cp and LMP1 promoter. The 

transcriptional activation of genes by EBNA1 is mapped to the 65-83 amino acid residues 

in the N-terminal of EBNA1. Deletion of this region impaired the ability of EBNA1 to 

induce the expression of EBNA genes from Cp which in turn reduced the ability of the 

virus to transform cells (exemplified in (Frappier, 2012)). However, this mutation did not 

affect the replication of plasmid. Moreover, transcriptional activation by EBNA1 requires 

the recruitment of nucleosome assembly proteins and Brd4 to the FR element (Lin et al., 

2008). EBNA1 can negatively regulate its own expression by binding to two sites 

downstream of Qp (Nonkwelo et al., 1996), once the binding of EBNA1 to DS and FR 

elements has reached saturation. This feedback mechanism allows cells to maintain the 

expression of viral latent proteins (Jones et al., 1989, Ambinder et al., 1990).  

Interaction of EBNA1 with CK2 (Casein kinase) triggers degradation of PML 

(Promyelocytic leukaemia) nuclear bodies (Holowaty et al., 2003, Sivachandran et al., 

2010). EBNA1 also interacts with USP7 (Ubiquitin-specific protease) which negatively 

regulates the replication (Holowaty et al., 2003, Sivachandran et al., 2010). USP7 is 

known to regulate the expression of p53 and Mdm2 by removing the polyubiquitin chains 

on them thereby preventing their degradation (Li et al., 2002). However, EBNA1 

outcompetes p53 and Mdm2 due to its higher affinity binding to USP7 thereby reducing 

the accumulation of p53 in response to DNA damage (Saridakis et al., 2005, 

Sivachandran et al., 2008). The crystal structure of the EBNA1-USP7 complex showed 

that USP7 binds to the region just before DNA binding domain (amino acid 442-448) of 

EBNA1 (Saridakis et al., 2005). Recent studies in transgenic mice showed that inhibition 
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of Mdm2 led to the death of EBNA1 driven tumour cells due to drastic downregulation 

of EBNA1 and E2F1 in these cells (AlQarni et al., 2018). This indicates a role of EBNA1 

in promoting cell survival of EBV-infected cells. 

EBNA1 has also been reported to modulate several signalling pathways such as the 

JAK/STAT1, TGF-β and NF-κB pathways. It induces the phosphorylation of STAT1 

leading to nuclear localisation of STAT1, thereby sensitising carcinoma cells to IFNγ 

treatment (Wood et al., 2007). EBNA1 was also reported to repress the TGF-β signalling 

pathway by decreasing the SMAD2 protein half-life by 50% as compared to control cells 

thereby affecting TGF-β induced transcription (Wood et al., 2007, Flavell et al., 2008). 

In addition, studies using NF-κB reporter plasmids demonstrated that EBNA1 inhibits 

the canonical NF-κB pathway in carcinoma cell lines by reducing the phosphorylation of 

p65 kinase and IKKα/β (Valentine et al., 2010). EBNA1 expression also increases the 

transcription of EBV non-coding RNAs (EBER) by inducing the expression of ATF-2 

(pol II). It regulates the expression of several cellular miRNAs as well including let-7, 

miR-200a and miR-200b (Ellis-Connell et al., 2010, Hsu et al., 2014, Wang et al., 2014) 

suggesting a role of EBNA1 in transcription activation. 

1.3.4.2 EBNA-Leader Protein (EBNA-LP) 

EBNA-LP is transcribed from either the W or C promoter across the BamHI W repeat 

region. EBNA-LP varies in size depending on the number of BamHI W repeats in a 

particular EBV isolate (exemplified in (Murray and Young, 2001)). Previous studies have 

shown EBNA-LP to cooperate with EBNA2 in activation of various promoters (Kang 

and Kieff, 2015, Kempkes and Ling, 2015). The reporter assays in EBV-negative B cells 
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show EBNA-LP along with EBNA2 activates the expression of Cp or LMP promoter by 

10-30 fold as compared to EBNA2 alone (Harada and Kieff, 1997) suggesting a role of 

EBNA-LP as a transcription activator. Cell cycle studies in primary B cells show that 

EBNA-LP along with EBNA2 promotes G0 to G1 transition by stimulating the 

transcription of cyclin D (Sinclair et al., 1994). However, recent studies report EBNA-

LP not only co-operates with EBNA2 but also facilitates the recruitment of transcription 

factors to the viral genome (Szymula et al., 2018). Expression of EBNA-LP is also 

essential for outgrowth of lymphoblastoid cell lines (LCLs) (Allan et al., 1992).  

EBNA-LP is a phosphoprotein which is predominantly phosphorylated at serine residues. 

The protein is expressed throughout the cell cycle but the phosphorylation of this protein 

changes during different phases of the cell cycle. During G1/S the protein is 

hypophosphorylated whereas in G2/M it is hyperphosphorylated by CDK1 on two 

potential serine residues (Ser33 and Ser62) which contains the CDK1 consensus site 

(Kitay and Rowe, 1996). Additionally, phosphorylation of EBNA-LP at Ser35, 107 and 

167 has been shown to be crucial for EBNA-LP mediated co-activation of genes with 

Ser35 being the major site (Peng et al., 2000, McCann et al., 2001, Yokoyama et al., 

2001). 

1.3.4.3 EBNA2 

EBNA2 functions as a transcriptional regulator of both viral and cellular genes. EBNA2 

was isolated from EBV strain B95-8 with an apparent molecular weight of ~84 kDa (Baer 

et al., 1984). The key role of EBNA2 during infection was determined by studies using 

EBV strain P3HR-1 which has a natural deletion for EBNA2 and EBNA-LP. The isolated 

virus from Burkitt’s lymphoma failed to transform B cells in vitro (Cohen et al., 1989). 
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Later, studies in EBV-immortalised LCLs (EREB 2.5) that expresses a conditionally-

active estrogen receptor (ER)-EBNA2 fusion protein showed the cells to maintain their 

growth only in the presence of active EBNA2 protein (Kempkes et al., 1995). Therefore, 

suggesting the role of EBNA2 in growth maintenance of infected cells. 

Although EBNA2 acts as a transcription factor, it cannot bind to DNA directly, instead, 

it utilises sequence-specific DNA binding factors to mediate transcriptional regulation. It 

associates with RBP-Jκ and PU.1 to activate the transcription of LMP2A, LMP2B and 

LMP1 respectively by binding to promoter-proximal elements (Wang et al., 1990, 

Grossman et al., 1994, Henkel et al., 1994, Laux et al., 1994, Robertson et al., 1996). 

RBP-Jκ generally represses transcription by recruiting co-repressor complexes to DNA. 

This co-repressor complex constitutes of SMRT/N-CoR, CIR, SKIP, Sin3A, SAP30 and 

HDAC1 which interferes with histone acetylation (an active chromatin mark) (reviewed 

in (Lai, 2002)). However, binding of EBNA2 to RBP-Jκ displaces the repressive complex 

resulting into active transcription (Hsieh and Hayward, 1995). Studies show that EBNA2 

binds to RBP-Jκ via RAM (RBP-Jκ-associated molecule) motif ‘WφP’ found in the 

Notch proteins. Binding of EBNA2 is followed by recruitment of co-activators and 

general transcription factors (TFIIB, TAF40) as well as histone acetylases proteins 

(CBP/P300) at the binding site (Grossman et al., 1994, Henkel et al., 1994, Waltzer et 

al., 1994). Genome-wide ChIP-seq analysis showing binding of EBNA2 to the cellular 

genome revealed EBNA2 to bind at promoter proximal and distal sites. EBNA2 and RBP-

Jκ have been shown to often co-occupy cellular enhancer (region with high levels of 

H3K27ac) and super-enhancer (region with extraordinarily high and broad H3K27ac 

signals) regions with 72% overlap, suggesting RBP-Jκ to be the major DNA binding 
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adaptor EBNA2 for DNA binding (Zhao et al., 2011b). In addition to RBP-Jκ, recent 

studies have reported the binding of EBNA2 to another adaptor, EBF1 in LCLs. This 

adaptor allows the binding of EBNA2 to sites independent of RBP-Jκ and was found to 

be critical for EBNA2 mediated activation of LMP1 (Figure 1.7A) (Glaser et al., 2017). 

Further investigation in regulation of LMP1 expression reported EBNA2 mediated 

activation of LMP1 promoter may involve the ATP-dependent chromatin remodelling 

complex SWI/SNF. This is because microccocal nuclease digestion of LMP1 showed 

nucleosome remodelling at the LMP1 promoter (Johansson, 2007).  

Previous studies have revealed numerous cellular genes to be transcriptionally activated 

by EBNA2 including CD21, CD23, CCR7, Hes-1, BATF, IRF4, PAX5, SP1, Bcl3, CCL3, 

CCL4, CXCR7, MFN1, FcRH5, MYC, RUNX3 and the p55α subunit of PIK3R1. By 

activation of these cellular genes, EBNA2 promotes the growth and proliferation of 

infected cells. Studies carried out to understand the mechanism of regulation of MYC 

show increased looping of the MYC enhancer (+1.8/1.9 Mb) to the promoter induced by 

EBNA2 leading to upregulation of MYC expression and promoting proliferation of 

infected cells. This looping was found to be dependent on the SWI/SNF ATPase BRG1 

(chromatin remodeller) (Figure 1.7B) (Zhao et al., 2011b, Wood et al., 2016). More 

recently, EBNA2 has been shown to activate transcription of RUNX3 and RUNX1 

through their distal super enhancer at -97 kb and -139 to -250 kb respectively. RUNX 

family proteins are transcription factors that play a key role in B lymphogenesis therefore 

modulation of RUNX by EBNA2 allows the virus to manipulate the B cell growth 

(Gunnell et al., 2016). Previous studies in LCLs showed EBNA2 to activate the p55α 

regulatory subunit of PI3K kinase and RNAi of EBNA2 in these cells led to apoptosis 
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showing EBNA2-mediated upregulation of the p55α was important for cell survival 

(Spender et al., 2006). These data suggest the critical role of EBNA2 in cell 

transformation, viability and proliferation of infected cells.   

Interestingly, most of these genes were found to be targeted by EBNA3 as well, with 

approximately 25% of the mapped sites shared between the two (McClellan et al., 2013, 

Portal et al., 2013). How EBNA2 and EBNA3 regulate these genes will be discussed 

briefly in the following paragraphs.  

1.3.4.4 EBNA3 Family of Proteins 

The EBNA3A, 3B and 3C genes probably arose by a series of gene duplication events 

arranged in tandem sequence in the EBV genome (White et al., 2010). All three genes 

share a similar structure with short 5’ coding exon and long 3’ coding exon. Each of these 

proteins have a proline-rich region as well as a ‘homology domain’ (20-30% identity) 

located near the N-terminus (reviewed in (Styles et al., 2018)). Moreover, 

immunostaining showed all the EBNA3 proteins to localise in the nucleus as each of these 

large proteins have multiple nuclear localisation signals ((Le Roux et al., 1993, Krauer et 

al., 2004a, Burgess et al., 2006). Initial studies using recombinant virus suggested 

EBNA3A and EBNA3C to be essential for transformation of B cells whereas EBNA3B 

was dispensable (Tomkinson et al., 1993). However, more recently, EBNA3A-deficient 

LCLs were established under appropriate conditions but with reduced efficiency (Hertle 

et al., 2009).  
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  Figure 1.7 Working models for transcription regulation by EBNA2 and EBNA3s. 
(A) EBNA2 regulates the transcription of EBV latent membrane protein (LMP1) by associating with 
the DNA adaptors RBP-Jκ and EBF1. (B) EBNA2 binds upstream enhancers via RBP-Jκ and activates 
MYC by enhancer-promoter looping mediated through association with the SWI/SNF chromatin 
remodeller, BRG1. (C) EBNA3C in cooperation with EBNA3A repress CDKN2A locus through 
BATF/SP1/IRF4/RUNX/CtBP transcription factors and further recruits Sin3A repressor complex to 
the promoter. (D) EBNA3C and EBNA3A repress BCL2L11 by inactivating long-range regulatory hub 
by recruitment of EZH2 although no direct interaction has been shown between EBNA3 and the PRC 
component EZH2 (adapted from (Pei et al., 2017)).   
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The EBNA3 family of proteins function as transcriptional regulators by activating and 

repressing host cellular genes. Like EBNA2, EBNA3 proteins cannot bind to DNA 

directly and they were shown to bind to RBP-Jκ for transcriptional regulation (Robertson 

et al., 1995, Robertson et al., 1996). The EBNA3 proteins share a highly conserved N-

terminal homology domain with a ‘TFGC’ motif which allows them to bind to RBP-Jκ 

(Robertson et al., 1995, Waltzer et al., 1995, Robertson et al., 1996). Mutation of these 

residues in the homology domain to ‘AAAA’ prevented the binding of EBNA3C to RBP-

Jκ. In addition, Calderwood and colleagues identified RAM-like motif ‘WTP’ in 

EBNA3C. This motif is absent in EBNA3A and EBNA3B. Mutating the ‘WTP’ motif in 

EBNA3C alone was not sufficient to inhibit growth in LCLs or to repress EBNA2-

mediated transcription activation. However, mutation of ‘TFGC’ along with ‘WTP’ 

showed effective loss of EBNA3C with RBP-Jκ (Calderwood et al., 2011). An initial 

study of transcription regulation by EBNA3 proteins was investigated by transient 

reporter assays which showed that EBNA3s repressed EBNA2 mediated activation of 

viral promoters (LMP2A and Cp). Two mechanisms have been proposed for regulation 

of EBNA2 mediated activation by EBNA3s: The first model proposes that EBNA2 

transactivates genes when bound to RBP-Jκ which is counteracted by competitive 

binding by EBNA3s causing destabilisation of RBP-Jκ binding to DNA. The second 

model suggests recruitment of repressive transcription factors by EBNA3s to RBP-Jκ 

binding site thereby exhibiting strong repressor activity (reviewed in (Allday et al., 

2015)). Consistent with the repressive activity, EBNA3A and EBNA3C have been shown 

to interact with repressive transcription factors such as histone deacetylases (HDACs), 

Sin3A, CtBP and NCoR (Radkov et al., 1999, Touitou et al., 2001, Hickabottom et al., 

2002, Knight et al., 2003). ChIP-seq studies show 25% overlap in the regulatory elements 
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bound by EBNA3 and EBNA2 in the human genome suggesting co-regulation of cellular 

genes by these proteins (Hertle et al., 2009). Interestingly, most of the RBP-Jκ binding 

sites bound by EBNA3 were also found to be bound by EBNA2 (McClellan et al., 2013, 

Jiang et al., 2014). This suggests that EBNA3s might cooperate or antagonise the 

regulation of genes expression by EBNA2 (Le Roux et al., 1994, Robertson and Kieff, 

1995, Robertson et al., 1995, Johannsen et al., 1996, Radkov et al., 1997).  

EBNA3C is essential for the growth maintenance of LCLs as inactivation of EBNA3C in 

LCL 3CHT (conditionally active EBNA3C) cell line stopped the cells from growing. As 

EBNA3 regulates cellular gene expression dominantly by binding to RBP-Jκ, the role of 

this interaction in cell proliferation was studied. LCL 3CHT exogenously expressing 

EBNA3C ‘TFGC’ mutant failed to sustain the proliferation due to the abrogation of 

EBNA3C interaction with RBP-Jκ. The interaction of EBNA3A and EBNA3C with RBP-

Jκ was shown to be required for regulation of EBNA2 mediated activation as well as for 

maintaining proliferation of LCLs (Maruo et al., 2005, Lee et al., 2009, Maruo et al., 

2009).  

Studies examining host cell gene repression by EBNA3s found EBNA3A and EBNA3C 

but not EBNA3B to bind to a highly conserved family of co-repressor of transcription, 

CtBP (C-terminal binding protein) (Touitou et al., 2001, Hickabottom et al., 2002, 

Chinnadurai, 2007). EBNA3A and EBNA3C interact with CtBP through a consensus 

binding motif located in the C-terminal regions, ALDLA (aa 857-861), VLDLS (aa 886-

890) and PLDLS (aa 728-732) respectively (Touitou et al., 2001, Hickabottom et al., 

2002).  Interaction of EBNA3s with CtBP is important for EBV-mediated transformation 

of cells by epigenetic repression of CtBP associated proteins (p16INK4a, p18INK4c, and 
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p15INK4b) as mutation in the binding motifs delayed the outgrowth of immortalized cells 

(Touitou et al., 2001, Hickabottom et al., 2002, Skalska et al., 2010).  

Microarray analysis using stable cell lines generated by infection of EBV-negative B cells 

with recombinant EBV bacmids have further highlighted the role of EBNA3s in the 

regulation of cellular genes. Gene regulation using these stable cell lines generated in BL 

and LCL cell background identified a quarter of genes regulated by EBNA3s in LCLs 

were also regulated in BL31 cell line (Chen et al., 2005, Zhao et al., 2006, Hertle et al., 

2009, Skalska et al., 2010, White et al., 2010, McClellan et al., 2012). Together, the gene 

expression studies reveal EBNA3 proteins to repress several cellular genes including 

p16INK4A, BCL2L11, CXCL9, CXCL10, BUBR1, ADAM28, ADAMDEC1 (Maruo et al., 

2006, Anderton et al., 2008, Gruhne et al., 2009, Hertle et al., 2009, McClellan et al., 

2012, McClellan et al., 2013, Skalska et al., 2013, Wood et al., 2016).   

EBNA3A in cooperation with EBNA3C have been reported to recruit polycomb repressor 

complex (PRC) 2 at the site of binding in order to repress certain cellular genes for 

example p16INK4A, p18INK4c, and p15INK4b (CDK inhibitors) encoded by CDKN2A and 

CDKN2B locus and the pro-apoptotic BCL2L11 (BIM) gene (Figure 1.7C & D). This 

repression correlates with deposition of repressive H3K27me3 epigenetic mark 

(Anderton et al., 2008, Skalska et al., 2010, Maruo et al., 2011, McClellan et al., 2013, 

Styles et al., 2018). Studies using CtBP-mutant virus showed the repression of BCL2L11 

by EBN3A and EBNA3C to be dependent on interaction of EBNA3A and EBNA3C with 

CtBP however, the mechanism of repression has not been demonstrated (Paschos et al., 

2012). More recently, the repression of BCL2L11 by EBNA3A and EBNA3C in B cells 
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was shown as a result of inactivation of long-range regulatory hub by recruitment of the 

PRC2 methyltransferase EZH2 (Wood et al., 2016).  

Interestingly, EBNA3A and EBNA3C are also known to repress ADAM28 and 

ADAMDEC1 (members of a disintegrin and metalloprotease family) by binding to an 

intergenic site. Repression of this locus occurs via enhancer looping to the TSS thereby 

providing the first evidence of EBNA3C association with cellular-gene control regions 

(McClellan et al., 2013). Studies using EBNA3C conditional LCLs (LLC 3CHT) report 

the repression of ADAM28-ADAMDEC1 locus was dependent on the ability of EBNA3C 

to bind to RBP-Jκ (Kalchschmidt et al., 2016b). In summary, studies by various groups 

show EBNA3 proteins play a key role in EBV induced transcriptional regulation, 

transformation and apoptosis resistance. 

1.3.4.5 EBNA3s Hijacks the Cell Cycle Machinery 

The first evidence of the ability of EBNA3 proteins to regulate the host cell cycle 

machinery came from studies in an EBV-positive Burkitt’s lymphoma (Raji) cell line 

carrying a deletion of the EBNA3C gene. These cells could override G1 arrest upon 

ectopic expression of EBNA3C (Allday and Farrell, 1994). Subsequently, EBNA3C in 

cooperation with Ras was shown to catalyse the phosphorylation of retinoblastoma (Rb) 

as well as degrade p53 by binding and stabilising the ubiquitin ligase MDM2 (Parker et 

al., 1996, Saha et al., 2009). This implies a role of EBNA3C in regulating G1 checkpoint 

by modulating the Rb/p53 axis. In serum-starved NIH 3T3 cells, expression of EBNA3C 

was shown to override the G1/S checkpoint (Parker et al., 2000). Moreover, as mentioned 

earlier EBNA3C in cooperation with EBNA3A represses the CDK4/CDK6 inhibitor, 

p16INK4A, via interaction with CtBP thereby promoting cell proliferation (Skalska et al., 
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2010, Maruo et al., 2011). Consistent with the previous reports on G1 checkpoint 

regulation by EBNA3C, studies in HEK 293T (human embryonic kidney) cells reported 

EBNA3C to block p27KIP1 mediated repression of CDK2-Cyclin A complex by degrading 

p27KIP1 (Knight et al., 2005). Alongside the repression of p27KIP1, EBNA3A and 

EBNA3C have been shown to repress p57KIP2 and p21WAF1/CIP1 (Banerjee et al., 2014, 

Bazot et al., 2015) thereby promoting cell cycle progression.  

Investigations into G2/M checkpoint regulation by EBV found LCLs expressing 

EBNA3s to disrupt the G2/M checkpoint induced by treatment with the histone 

deacetylase inhibitor azelaic bishydroxamine (ABHA) (Krauer et al., 2004b). The same 

group also reported EBNA3s to reduce the accumulation of inactive CDK1 during G2/M 

arrest. Moreover, EBNA3C was also able to suppress the G2/M arrest induced by 

microtubule destabilising drug nocodazole. This was due to the downregulation of CHK2 

(effector of ATM/ATR signalling) by EBNA3C resulting into repression of ATM/ATR 

signalling (Parker et al., 2000, Choudhuri et al., 2007a, Choudhuri et al., 2007b). 

Interaction of EBNA3C with CHK2 promotes phosphorylation of Cdc25c at Ser216 

leading to its sequestration in the cytoplasm. In cytoplasm, Cdc25c phosphatase activates 

the CDK1-Cyclin B complex and bypasses the G2/M block. Additionally, recent studies 

show repression of the Wee1 kinase, an inhibitor of CDK1, via enhancer-promoter 

looping by EBNA3C possibly promoting G2/M transition during outgrowth of EBV-

infected cells (McClellan et al., 2013). Together, these findings suggest EBNA3 proteins, 

especially EBNA3C, to play a role in EBV-mediated cell-cycle disruption of G1/S, G2/M 

and mitotic checkpoints (Parker et al., 1996, Parker et al., 2000, Choudhuri et al., 2007b). 
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1.3.4.6 LMP1 and LMP2 

LMP1 is an essential EBV latent membrane protein required for the immortalisation of 

B cells. LMP1 expression is detected in several malignancies including HL, LCLs, and 

undifferentiated NPC (UNPC). It is also expressed during the EBV lytic cycle (Kang and 

Kieff, 2015). LMP1 protein consists of short cytoplasmic N-terminus, six transmembrane 

domains and a C-terminal signalling domain. The transmembrane domain initiates signal 

transduction by forming homo-oligomers in the membrane (Gires et al., 1997). Studies 

by several groups have reported LMP1 to regulate the expression of genes from at least 

four signalling pathways; NF-κB, JNK/AP1, p38/MAPK and JAK/STAT (Laherty et al., 

1992, Dawson et al., 2003, Liu et al., 2003, Stewart et al., 2004, Zhao et al., 2014). This 

is mediated by two activation regions, CTAR1 and CTAR2 in the cytoplasmic C-terminal 

of LMP1. For inducing the NF-κB and p38/MAPK signalling pathway, both CTAR1 and 

CTAR2 are required whereas CTAR2 alone is sufficient for activation of the JNK/AP1 

pathway (reviewed in (Young et al., 2016)). Recruitment of cellular signalling molecules 

by LMP1 allows it to mimic signals of the CD40 receptor in EBV-infected B-cells 

(Figure 1.8A). Studies using primary B-cells infected with LMP1-deficient EBV found 

these cells to be unable to induce lymphomas in immunodeficient mice indicating a role 

of LMP1 in driving B-cell proliferation (Dirmeier et al., 2003). In addition, LMP1 

promotes the survival of infected cells by phosphorylating Ser473 residue of Akt thereby 

activating its downstream signalling pathway (Dawson et al., 2003).  

LMP1 is also expressed during the lytic cycle (lytic LMP1) as a truncated variant. The 

lytic variant does not transduce signals or transforms B cells but it inhibits the activity of 
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full-length LMP1 (Hudson et al., 1985, Erickson and Martin, 1997, Erickson and Martin, 

2000).  

LMP2 is expressed only when the genome is circularised upon infection. Out of several 

transcript variants, two predominant transcripts, LMP2A and LMP2B, are well studied 

and are found to be controlled by two different promoters (Laux et al., 1988, Laux et al., 

1989, Sample et al., 1989). LMP2 expression is associated with several malignancies 

related to Latency II and Latency III of EBV infection. Interestingly, LMP2A expression 

is detectable in EBV associated malignancies independent of EBNA2 expression. Studies 

identified constitutive activation of Notch, functional homologue of EBNA2, by LMP2A 

as an alternative mechanism to control its own expression. This auto-regulation is 

dependent on the presence of RBP-Jκ binding site in the LMP2 promoter (Anderson and 

Longnecker, 2008).  

LMP2 proteins consist of 12 transmembrane domains but LMP2B lacks the cytoplasmic 

signalling domain. LMP2A has tyrosine residues in the N-terminal that form an 

immunoreceptor tyrosine-based activation motif (ITAM) which upon phosphorylation 

mimics the B-cell receptor (BCR). LMP2A recruits tyrosine kinases Lyn & Syk from the 

BCR complex thereby activating the downstream signalling pathways such as Ras, PI3K-

Akt, Bcl-xL pathways (Figure 1.8B) (Portis and Longnecker, 2004, Pan et al., 2008).  



Page 40 

 

 

 

  

Figure 1.8 Role of LMP1 & LMP2A in BCR signalling. 
(A) LMP1 mimics the CD40 receptor. LMP1 induces canonical and non-canonical NF-κB 
signalling mediated through association of the C-terminal cytoplasmic domain of LMP1 with TNF 
receptor associated factors (TRAF), TNFR1-associated death domain (TRADD) and receptor 
interacting protein (RIP). (B) LMP2A mimics the BCR by associating with Lyn and Syk tyrosine 
kinases. Phosphorylation of LMP2A by Lyn leads to the recruitment of Syk to immunoreceptor 
tyrosine based activation motif (ITAM). The PI3K-Akt pathway is then activated through active 
Syk downstream signalling. LMP2A can also block BCR by ubiquitination of Lyn and Syk 
through association with E3 ubiquitin ligases (adapted from (Gordon and Longnecker, 2012)). 
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This enables the infected cells to survive. Studies have also reported negative regulation 

of BCR by LMP2A through recruitment of E3 ubiquitin ligase which leads to degradation 

of BCR signalling molecules (reviewed in (Murray and Young, 2001)). Intracellular 

calcium mobilisation is inhibited by LMP2A expression in EBV-negative BJAB cells as 

a result of a LMP2A-mediated block of the BCR (Miller et al., 1993). LMP2A expression 

has been shown to activate Erk resulting in increased invasiveness of the cells (Chen et 

al., 2002). LMP2A helps the virus to maintain latency by regulating the expression of 

immediate early lytic viral gene, BZLF1 and late lytic viral gene gp350/220 in BL cells. 

LMP2B, on the other hand, contradicts the role of LMP2A by inhibiting the 

phosphorylation of LMP2A resulting into restoration of calcium mobilisation as well as 

the phosphorylation of Lyn kinase (Rovedo and Longnecker, 2007). 

1.3.5 EBV-associated Diseases 

1.3.5.1 Infectious Mononucleosis (IM) 

Infectious mononucleosis, also known as glandular fever, is caused by primary EBV 

infection mostly in adolescents and young adults (Krabbe et al., 1981). It is also known 

as kissing disease because it is primarily transmitted through kissing in young adults 

(Balfour et al., 2013).  IM was identified as an EBV-associated disease in 1968 (Henle et 

al., 1968) but has been reported to be caused by another virus, cytomegalovirus (CMV). 

The typical symptoms of IM infection include sore throat, general fatigue, mild transient 

fever for several weeks and swollen lymph nodes (Hickey and Strasburger, 1997). IM is 

usually self-limiting but can be prolonged in certain cases for 6 months or more and has 

been a significant economic burden (reviewed in (Cohen et al., 2013)).  
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1.3.5.2 Burkitt’s Lymphoma (BL) 

Burkitt’s lymphoma (BL) discovered as a prevalent childhood cancer in equatorial Africa 

can be classified into three types: endemic BL, sporadic BL and immunodeficiency-

related BL (Burkitt and O'Conor, 1961, Schmitz et al., 2014). Endemic BL is frequent in 

equatorial Africa and Papa New Guinea areas where malaria is holoendemic. Sporadic 

BL, however, occurs worldwide at a lower frequency (reviewed in (Young and 

Rickinson, 2004)). EBV association with these different types of BL varies with over 

98% of endemic BL (EBV positive), 15% of sporadic and between 30-40% of 

immunodeficiency-related BL (Magrath et al., 1992). Patients with endemic BL are 

usually present with a large tumour of the jaw, abdomen or less frequently of the liver or 

intestine (Burkitt, 1958, Burkitt and O'Conor, 1961). 

Regardless of the EBV status, BL is characterised by a chromosomal translocation of 

MYC from chromosome 8 to the Ig heavy, lambda or kappa light chain on chromosome 

14, 22 and 2 respectively. Although the translocation to 8:14 is most commonly reported 

(85% BL cases), this results in high constitutive expression of MYC thereby promoting 

cell cycle progression (Zech et al., 1976, Cesarman et al., 1987, Magrath, 1990, Bhatia 

et al., 1996). Studies by several groups showed dysregulation of the proto-oncogene MYC 

in numerous B cell lymphomas. Dysregulation of MYC includes gene translocation and 

gene amplification (reviewed in (Nguyen et al., 2017)). Recent studies on the role of EBV 

in BL identified the virus to induce expression of MYC and silence the pro-apoptotic 

BCL2L11 by reconfiguration of DNA loops to drive cell proliferation (Wood et al., 2016). 

In BL tumours, EBV displays the latency I pattern of gene expression with only EBNA1 

and non-coding RNAs such as EBERs and miRNAs expressed (Rowe et al., 1986). In 
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1969, the role of malaria in BL development was identified although the mechanism of 

pathogenesis remains unclear (Burkitt, 1969). Studies reported malarial infection to affect 

the B-cell memory compartment through the cysteine-rich inter-domain region 1α 

(CIDR1α) encoded by Plasmodium falciparum. CIDR1α induces lytic cycle activation 

by increasing the expression of EBV lytic promoter BZLF1 (Rochford et al., 2005). 

Moreover, recurrent malarial infection in children has shown high viral load as a result 

of reduced EBV-specific T cell response to EBV lytic and latent antigens (Moormann et 

al., 2007).  

1.3.5.3 Hodgkin’s Lymphoma (HL) 

Hodgkin’s lymphoma is one of the most prevalent lymphomas in western countries 

(reviewed in (Murray and Bell, 2015)). It is characterised by the presence of malignant 

HRS (Hodgkin/Reed-Sternberg) cells. These are large multinucleated cells usually 

originating from pre-apoptotic germinal centre B-cells (Kuppers, 2009). HL is subdivided 

into two types: classical (cHL) which accounts for 95% of cases and nodular-lymphocyte 

accounting for 5% of the HL cases. Classical HL is further classified into three types 

based on appearance: mixed cellularity, nodular sclerosing and lymphocyte-depleted 

(reviewed in (Young and Rickinson, 2004)). 

EBV is associated with approximately 40% of cases of classic Hodgkin’s lymphoma 

worldwide (Kapatai and Murray, 2007). The association of EBV with HL was first 

established in 1989 as monoclonal EBV was detected in the HRS cells in HL (Weiss et 

al., 1989). This suggests that HL results from expansion of one infected cell similar to 

BL (Gulley et al., 1994). In HL tumours, EBV displays the latency II pattern of gene 

expression with the expression of EBNA1, LMPs and non-coding RNAs EBERs and 
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miRNAs. HRS cells lack a functional B-cell receptor (BCR) as a result of mutations in 

the immunoglobulin gene. However, studies show EBV to promote survival of these cells 

as the EBV latent membrane protein (LMP1 & LMP2) proteins mimic the CD40 and 

BCR signalling respectively resulting in strong activation of NF-κB pathway (reviewed 

in (Young and Rickinson, 2004)). 

1.3.5.4 Lymphoproliferative Disease in Immunodeficiency  

Post-transplant lymphoproliferative disease (PTLDs) develops in patients suffering from 

congenital or acquired immunodeficiency as well as post-transplant patients who are 

taking immunosuppressive drugs (Penn, 2000). These lymphomas are mostly of B-cell 

origin and they arise as polyclonal or monoclonal lesions within the 1st year of transplant. 

These tumours are generally present in extranodal locations such as the gastrointestinal 

tract or in the allograft organ itself (reviewed in (Murray and Young, 2001)). PTLD can 

be classified into early lesions, monomorphic PTLD, and polymorphic PTLD based on 

the morphology of lesions (Ok et al., 2015). Early lesions are more IM like whereas 

polymorphic PTLD includes lesions from plasma cells and B-cells from different 

maturation stages. Monomorphic PTLD includes Burkitt’s lymphoma, diffuse large B-

cell lymphoma and classic Hodgkin lymphoma (Carbone et al., 2008, Ok et al., 2015). 

Most of the PTLD cases are EBV positive with cells showing the EBV latency III pattern 

of gene expression. The infected B cells proliferate due to low amount of EBV-specific 

cytotoxic cells which are unable to fight the infection (Holmes and Sokol, 2002). Similar 

to other EBV lymphomas, monomorphic PTLD cells have monoclonal EBV genomes 

suggesting that the infection occurs earlier than the expansion of malignant cells (Carbone 

et al., 2008).  
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1.3.5.5 Nasopharyngeal Carcinoma (NPC) 

Nasopharyngeal carcinoma is a head and neck tumour originating from the nasopharynx 

and is particularly common in China and South-east Asia (Yu et al., 1981). Apart from 

genetic predisposition, environmental factors such as dietary components (e.g. salted 

fish) are etiologic factors for high incidence rates in Chinese individuals. This is because 

the preserved food is reported to contain carcinogenic nitrosamines (Yu et al., 1981, Ward 

et al., 2000). NPC is classified into three subtypes: keratinizing squamous cell carcinoma 

(type I), non-keratinizing squamous cell carcinoma (type II) and undifferentiated non-

keratinizing squamous cell carcinoma (type III) (reviewed in (Young and Dawson, 

2014)). 

EBV genomes were first detected in malignant epithelial cells of patients with NPC in 

1966 (Old et al., 1966). Southern-blot hybridisation of DNA from NPC cells show these 

cells to carry monoclonal EBV genome indicating clonal expansion of malignant cells 

(Raab-Traub et al., 1987). EBV displays latency II pattern of gene expression in NPC 

cells, however, these cells are mainly characterised by abundant transcription of BARF1 

(Chen et al., 1992, Brink et al., 1998, Decaussin et al., 2000). EBV related 

undifferentiated NPC shows the most consistent worldwide association (reviewed in 

(Young and Rickinson, 2004)).  

1.4 Response Gene to Complement-32 (RGC-32/RGCC) 

The West laboratory identified the expression of RGC-32 protein to be upregulated in 

EBV-infected cells expressing the full panel of latent genes (Latency III) (Schlick et al., 

2011). Response gene to complement-32 (RGC-32) was first discovered in rat 

oligodendrocytes by differential display in 1998 (Badea et al., 1998). Badea et al. 
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performed a screen to identify novel genes whose expression was altered upon sub-lytic 

complement treatment by C5b-9 which induces cell cycle activation (Badea et al., 1998). 

The genes that responded to sub-lytic complement were designated as Response gene to 

complement (RGC) and numbered from 1-32. Most of these genes were found to encode 

for known proteins involved in DNA repair, genomic stability, ATP binding, T cell 

adhesion. However, RGC-32 mRNA encoded an unknown protein of 137 amino acids in 

rat. The human RGC-32 protein has 92% sequence similarity with rat and mouse RGC-

32 (Badea et al., 1998). Human RGC-32 gene is located on chromosome 13 and encodes 

a 117 amino acid protein. RGC-32 was also known as C13ORF15 and has been recently 

designated as RGCC. RGC-32 runs with a molecular weight of 14 kDa on SDS PAGE 

and does not have significant sequence homology to other human proteins.  

Human RGC-32 has two splice variants, a shorter form which lacks the end of exon 1 

and start of exon 2 (117 aa) and a longer form which encodes for 20 more amino acids in 

the N-terminus (NM_014059) (Badea et al., 2002). RGC-32 protein is expressed in most 

tissues including kidney, heart, brain, lung, skin, spleen and thymus but not in the testes 

and liver (Badea et al., 1998, Badea et al., 2002). RGC-32 mRNA and protein levels were 

found to be upregulated in several tumours e.g. breast, colon, lung, stomach, ovarian, 

prostate (Kang et al., 2003, Donninger et al., 2004, Fosbrink et al., 2005) and 

downregulated in multiple myeloma, astrocytomas and glioblastoma (Zhan et al., 2006, 

Saigusa et al., 2007). These data suggest a dual role of RGC-32 in tumorigenesis 

dependent on the tissue type. The protein is localised in the cytoplasm and found to 

translocate to the nucleus in smooth muscle cells when exposed to sublytic complement 

(C5b-9) (Badea et al., 2002). A study by another group showed RGC-32 to translocate 
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from the cytoplasm to nucleus at the start of mitosis and was concentrated on the 

centrosomes and spindle poles during mitosis (Saigusa et al., 2007). 

The C5b-9 complex regulates cell cycle by increasing the activity of CDK1, CDK2 and 

CDK4 (Rus et al., 1996, Niculescu et al., 1999, Badea et al., 2002). Overexpression of 

RGC-32 was shown to promote cell cycle progression as a result of increased DNA 

synthesis in response to complement activation. Interestingly, overexpression of RGC-32 

in serum-starved aortic smooth muscle cells also led to cell cycle progression into S and 

M phase of G1 arrested cells. A significant shift of cells from S to G2/M was observed 

upon exposing these cells to complement activation (Badea et al., 2002). However, T-

cells from mice carrying a homozygous deletion of RGC-32 showed cell-cycle increased 

T cell activation (Tegla et al., 2015). These mice appeared to develop normally but 

another study found RGC-32 knock-out mice to be smaller than wild-type littermates as 

a result of impaired placental angiogenesis (Cui et al., 2013). These findings suggest 

RGC-32 to either stimulate growth or suppress it based on cell type and physiological 

conditions.  

Studies in aortic smooth muscle cells showed increased CDK1 activity during RGC-32-

mediated S phase entry thereby identifying a new role of CDK1 apart from transition into 

mitosis (Badea et al., 2002). RGC-32 was found to bind to CDK1 by Glutathione S-

transferase pull-down assays in vitro and by co-immunoprecipitation in vivo. This binding 

was shown to be specific as RGC-32 was unable to bind CDK2 and CDK4 in these assays. 

In vitro kinase assays showed RGC-32 to increase CDK1 activity (Badea et al., 2002). 

The same group also showed that RGC-32 was unable to activate CDK1 in the presence 

of the CDK1 inhibitor p27KIP1. As CDK1 is a major target for the G2/M checkpoint and 
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its activity is required for mitosis, RGC-32-mediated activation of CDK1 may increase 

cell cycle progression into mitosis. Human RGC-32 has a CDK1 phosphorylation 

consensus motif, TPQK (91-94 aa), and it is shown to be phosphorylated by CDK1-Cyclin 

B1 in vitro at Thr91 residue. Mutation of the Thr91 residue of RGC-32 to Alanine not 

only prevented the phosphorylation of RGC-32 by CDK1 but also abolished the ability 

of RGC-32 to induce CDK1 activity (Badea et al., 2002). 

Contradictory to the previous findings, studies by another group in glioma cell lines 

implicated RGC-32 as a tumour suppressor gene. RGC-32 expression is silenced in 

glioma cell lines and restoration of RGC-32 expression resulted in suppressed growth of 

these cells (Saigusa et al., 2007). Also, overexpression of RGC-32 protein delayed mitotic 

progression in HeLa cells. RGC-32 mRNA levels were increased by exogenous 

expression of p53 in primary astrocytomas with p53 mutations implicating p53 as a 

transcriptional regulator of RGC-32. This was confirmed by transfecting U-373MG cells 

which increased RGC-32 mRNA expression (Saigusa et al., 2007). The same group 

reported RGC-32 to interact with Polo-like Kinase 1 (PLK1), and not with CDK1-Cyclin 

B. RGC-32 interacted with PLK1 via the Polo-box domain (PBD) in HEK 293T cells and 

was phosphorylated by PLK1 in vitro.  

Other studies have described a role for RGC-32 in muscle cell differentiation. RGC-32 

expression was induced 50-fold in neural crest cells upon treatment with transforming 

growth factor (TGF)-β (Li et al., 2007). TGF-β plays a crucial role in promoting Th17-

mediated immune response in multiple sclerosis. Consistent with the previous finding, 

studies in RGC-32 knockout mice show that RGC-32 was upregulated in 

proinflammatory Th17 cells and was required for its differentiation both in vitro and in 
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vivo (Rus et al., 2017), therefore implicating TGF-β as another regulator of RGC-32 

expression. 

Data from our laboratory confirmed the expression of the short form of RGC-32 (117 

amino acid) in B cell lines. Studies from our group also supported the role of RGC-32 in 

proliferation of EBV infected cells as stable overexpression of RGC-32 alone was 

sufficient to disrupt the G2/M checkpoint in B cell lines. This indicates a potential role 

of RGC-32 in EBV transformation mechanism (Schlick et al., 2011).  

Moreover, our laboratory identified RGC-32 to be differentially regulated in Latency I 

and Latency III cell lines. The high levels of RGC-32 protein did not correlate with RGC-

32 mRNA levels and vice versa (Schlick et al., 2011). Further investigation into the 

regulation of RGC-32 identified Pumilio-mediated translational repression at post-

initiation stage (Brocard et al., 2018). Pumilio proteins act as RNA-binding proteins 

(RBP) which in co-operation with other RBP repress translation and/or promote mRNA 

degradation (Quenault et al., 2011). These proteins are shown to regulate the expression 

of several genes from the cell-cycle machinery. Interestingly, Pumilio represses the 

translation of the speedy/RINGO family of atypical CDK1 activators by binding to their 

3’UTR (Padmanabhan and Richter, 2006) suggesting a common mechanism of regulation 

of CDK activators. Although RGC-32 has no homology to any other human proteins, it 

may be functionally similar to the Speedy/RINGO proteins. Altogether, a new 

mechanism of regulation of RGC-32 expression has been identified that is likely to be 

relevant in numerous tumour contexts.  
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1.5 B-cell Receptor (BCR) Signalling 

BCR signalling plays an important role in the growth and survival of normal B-cells and 

can induce apoptosis in malignant B-cells. Each B-cell has a distinct BCR consisting of 

a pair of heavy (IgH) and light (IgL) chain immunoglobulins. BCR anchors to the plasma 

membrane through non-covalently associated transmembrane molecules, Igα (CD79A) 

and Igβ (CD79B) (Niiro and Clark, 2002). Activation of BCR is dependent on change in 

the phosphorylation status of signalling molecules (Niiro and Clark, 2002). Lyn, a src-

family protein tyrosine kinase (src-PTK) is abundantly expressed in B-cells. Lyn is 

known to initiate downstream pathways in BCR signalling. It acts as a positive and 

negative regulator of BCR by phosphorylating tyrosine kinases such as SYK and BTK 

and phosphorylation of the ITIMS (immunoreceptor tyrosine-based inhibition motif) of 

inhibitory receptors such as CD22 and FcϒRIIB. This leads to the recruitment of 

phosphatases SHP-1 and SHIP-1 respectively (DeFranco et al., 1998, Niiro and Clark, 

2003, Monroe, 2006). Lyn, Syk and Btk play a key role in the initiation of BCR signalling 

as deletion of these protein tyrosine kinases prevents signalling (Niiro and Clark, 2002).  

Stimulation of the BCR activates several downstream pathways such as PLCϒ, PI3K, 

AKT, NF-κB, MAPK-Erk and RAS (Figure 1.9). Phosphorylation of SYK and Btk leads 

to the recruitment of non-enzymatic linker signalling proteins such as BLNK, BAM32, 

BCAP and GRB2. These proteins link SYK and Btk to the PLCϒ and MAPK-ERK 

signalling pathways. Survival and proliferation pathways are induced downstream of 

these linker proteins (Niiro and Clark, 2002, Niiro and Clark, 2003, Monroe, 2006). 

In malignant and self-reactive B cells, BCR-mediated apoptotic cell death is induced. 

Activation of the PLCϒ pathway has been reported to induce apoptosis by increasing Ca2+ 
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levels which leads to the activation of caspase 2, NFAT-c2 or MAPK p38 and JNK via 

inducing the activity of a protein phosphatase calcineurin (Graves et al., 1996, Campbell, 

1999, Chen et al., 1999, Kondo et al., 2003). Additionally, BCR-induced downregulation 

of the PI3K pathway is known to trigger apoptosis by increasing the activation of p27KipI 

and depressing the activity of MYC (Carey and Scott, 2001). Alternatively, BCR complex 

associates with lipid rafts to regulate the induction of apoptosis. In immature B cells, 

antigen binding activates cell death as lipid rafts do not associate with BCR (Pierce, 

2002). On the other hand, BCR stimulates survival and proliferation of B cells by 

inducing the PI3K-Akt, MAPK-ERK and NF-κB pathways.  

Activation of the Akt and NF-κB pathways promote cell proliferation by inducing the 

expression of cyclin D. NF-κB pathway promotes cell survival by repressing the 

expression of pro-apoptotic proteins such as Bim, Bik, Bad, Bax and Bam (Niiro and 

Clark, 2002). ERK has also been implicated in B cell survival as activation of ERK leads 

increased expression of transcription factors such as CREB (cAMP response element- 

binding protein) and Elk1 (ETS domain-containing protein), crucial regulators of cell 

proliferation (Koncz et al., 2002). PI3K-Akt mediated positive regulation is discussed in 

detail in the following section. 
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Figure 1.9 The BCR signalling pathway. 
B-cell receptor (BCR) consists of a pair of heavy (IgH) and light (IgL) chain immunoglobulin which 
associates with a CD79 A/B heterodimer. Antigen binding to BCR induces phosphorylation of tyrosine 
kinases, LYN and SYK, initiating a cascade of downstream signalling pathways. Pathways such as 
PLC𝜰2, PI3K, Akt, NF-κB, MAPK-ERK, Ras, protein synthesis and cell cycle progression  are 
stimulated via phosphorylation of signalling molecules. Together, these events result in increased 
proliferation and survival of B cells (adapted from (Chavez et al., 2013)). 
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1.5.1 PI3K-Akt Signalling Pathway 

The PI3K pathway is activated upon binding of extracellular factors such as cytokines, 

growth factors or virus to cell surface receptors such as G protein coupled receptor 

(GPCRs), B cell receptor (BCR) or integrins that have tyrosine kinase activity. PI3K is 

divided into three subclasses based on structure, regulation and substrate specificity 

(Engelman, 2009). Activation of PI3K leads to its translocation from the cytoplasm to the 

plasma membrane where the regulatory subunit p85 relieves its inhibitory activity on the 

catalytic domain p110 (Cuevas et al., 2001). The active catalytic domain phosphorylates 

membrane-bound phosphatidylinositol 4,5-biphosphate (PIP2) to generate 

phosphatidylinositol 3,4,5-triphosphate (PIP3). This allows the recruitment of 

phosphoinositide-dependent protein kinase 1 (PDK1) and the serine/threonine kinase Akt 

to PIP3 at the plasma membrane (James et al., 1996).  

Regulation of Akt activity is dependent on two regulatory phosphorylation sites, Thr308 

in the activation loop within the kinase domain and Ser473 in the C-terminal regulatory 

domain (reviewed in (Song et al., 2005)). Akt is activated by class I PI3K and this class 

of PI3Ks is extensively exploited by viruses (Chen et al., 2012). PIP3 does not 

phosphorylate Akt directly but alters its conformation to allow phosphorylation by PDK1 

(Stokoe et al., 1997). The Thr308 residue of Akt is phosphorylated by PDK1 which 

partially activates the kinase. Full activation of Akt requires both the residues to be 

phosphorylated. Phosphorylation at S473 is carried out by mTORC2 (mammalian target 

of rapamycin) (Figure 1.8) (reviewed in (Liu and Cohen, 2015)).  

Activation of Akt induces phosphorylation of several downstream targets that regulate 

cell survival. Akt mediated inactivation of pro-apoptotic proteins such as BAD, Bim and 
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caspase 9 inhibits apoptosis. Moreover, Akt increases the expression of anti-apoptotic 

proteins such as Bcl-xL, Bcl-2, Mcl-1 thereby promoting cell survival (exemplified in 

(Liu and Cohen, 2015)). Active Akt also regulates the cell cycle by inactivating the CDK 

inhibitor p21CIPI and p27KIPI by phosphorylation (Rossig et al., 2001, Fujita et al., 2002). 

The PI3K-Akt signalling pathway is negatively regulated by several phosphoinositide 

phosphatases which dephosphorylate PIP3. For example, INN4B dephosphorylate PIP3 

generating PIP2 which in turn dephosphorylate Akt (exemplified in (Liu and Cohen, 

2015)). 

1.5.2 BCR Signalling in Malignancies 

The BCR receptor is known to play a role in leukaemia with increasing evidence of the 

receptor being exploited by malignant cells. Most lymphomas maintain BCR expression 

in order to promote proliferation and survival of malignant B-cells. B-cell lymphomas 

typically retain IgM expression as IgM-BCR signalling promotes the survival and 

proliferation of B-cells. This is observed in several malignancies including follicular 

lymphoma, Burkitt’s lymphoma, DLBCL, B-CLL. Constitutive activation of BCR 

stimulates the activation of downstream signalling pathways (reviewed in (Young and 

Staudt, 2013)). 

In B-CLL (Chronic lymphocytic leukaemia), increasing number of antigens bound by the 

BCR have been identified (reviewed in (Niemann and Wiestner, 2013)). BCR of CLL 

cells recognise an epitope which is a part of CLL BCR itself resulting into auto-

stimulation of single cells (Duhren-von Minden et al., 2012). Studies in Burkitt’s 

lymphoma cell lines showed knockdown of CD79A and SYK to cause cell death 

(Schmitz et al., 2012) suggesting a critical role of BCR signalling for the survival of these 
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cells. In addition, the PI3K-Akt pathway is found to be altered in many human cancers 

making it an important target for drug development for treating different malignancies as 

well as virus infections (reviewed in (Liu and Cohen, 2015)). Interestingly, Burkitt’s and 

Hodgkin’s lymphoma show activation of the PI3K-pathway and activated PI3K-Akt 

signalling has been crucial for survival of BL cells. Studies in Burkitt’s lymphoma cell 

lines showed cell death when treated with either PI3K inhibitor (BKM120) or rapamycin, 

a universal inhibitor of mTORC1 (Schmitz et al., 2012). Similarly, reduced 

phosphorylation of S6 and 4E-BP1 in BL cells leading to G1 arrest was observed upon 

treatment with a dual inhibitor of PI3K-mTOR thereby confirming the significance of 

PI3K-Akt signalling in survival of BL cells (Spender and Inman, 2012). On the other 

hand, GCB DLBCL depends on intrinsic activation of PI3K independent of BCR 

signalling (So and Fruman, 2012). Overall, these studies show manipulation of BCR 

mediated survival pathways in various lymphomas. 
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1.6 Aim of the Thesis 

EBV deregulates several growth and survival pathways and the cell cycle by overriding 

the G1/S, G2/M and Mitotic checkpoint. ChIP-seq studies in Mutu III cells by our 

laboratory identified B cell receptor (BCR) signalling to be significantly enriched for 

promoter-proximally-EBNA-bound genes or genes closest to the top most significantly-

bound EBNA2 sites. Therefore, the aim of this thesis was to understand how deregulation 

of these pathways by EBV latent proteins promotes growth and survival of infected B 

cells. To address this, I investigated EBV-mediated cell cycle regulation by studying the 

role of a novel CDK1 activator, RGC-32, which is translationally up-regulated in EBV-

infected Latency III cells. Additionally, I studied the regulation of BCR signalling genes 

by EBNA2 and EBNA3s and its effects on downstream signalling. My objectives 

included: 

(1) Investigating the role of RGC-32 in the transformation of EBV-infected B cells by 

characterising the molecular mechanism of interaction of RGC-32 with CDK1-Cyclin B. 

I also investigated the interaction of RGC-32 with the kinetochore subunit Spc24-25. 

(2) To understand the role of RGC-32 in the G2/M transition and mitosis by analysing 

the effect of RGC-32 on CDK1 activity in vivo.  

(3) Identifying new target genes and confirming the previously reported genes from BCR 

signalling that are regulated by EBNA2 and EBNA3 using gene expression analysis. 

Additionally, examining the impact of EBNAs on positive as well as negative regulation 

of BCR signalling by studying the phosphorylation of several downstream pathways. 
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2 Materials and Methods  

2.1 Cell Culture Reagents 

Dulbecco Modified Eagles medium (DMEM): with 4.5 g/L glucose, 110 mg/L sodium 

pyruvate, non-essential amino acids and with L-Glutamine. 

RPMI 1640 medium (RPMI): Without L-Glutamine (Invitrogen). 

Fetal Bovine Serum (FBS): pre-screened for Mycoplasma and viruses, performance 

tested. Heat-inactivated at 56oC for 1hr and stored at -20oC in 50 ml aliquots (Fisher 

Scientific Gibco, Cat. No. 11550356 Batch No. 08F7674K). 

100X Penicillin-Streptomycin-Glutamine (PSG): containing 10,000 units/ml penicillin 

G sodium, 10 mg/ml streptomycin sulfate, 29.2 mg/ml L-glutamine and 10 mM sodium 

citrate in 0.14% NaCl. It was stored in 5 ml aliquots at -20oC. 

Dulbecco’s Phosphate Buffered Saline (PBS): without Calcium Chloride and 

Magnesium Chloride. 

Trypsin: Trypsin-EDTA (1X) in Hank’s Balanced Salt Solution (HBSS), without 

calcium and magnesium.  

Wash Buffer (mitotic entry): PBS containing 3% FBS. 
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2.2 Molecular Biology Reagents 

Luria broth (LB): 10 g tryptone (Oxoid), 5 g yeast extract (Oxoid) and 10 g NaCl in 1 

L of dH2O. 

LB Agar: 5 g agar in 400 ml L broth. 

1X SeeBlue® Plus 2 Prestained Standard: Prestained coloured marker for SDS-PAGE 

containing 10 proteins (Invitrogen, Cat. No. LC5925). 

SDS-PAGE running buffer: 20x NuPAGE® MOPS or MES SDS running buffer 

(Invitrogen, Cat. No. NP0001 and NP0002). 

1X GSB (gel sample buffer): 50 mM Tris, 4% SDS, 5% 2-Mercaptoethanol (Sigma), 

10% glycerol, 1 mM EDTA and 0.01% Bromophenol Blue. 

Washing Buffer (PBS-T): 100 PBS tablets (Fisher, Cat. No. 18912014) and 10 ml 

Tween 20 (Fisher, Cat. No. P9416) in 10 L dH2O. 

Transfer Buffer: 1 L methanol (Fisher), 75 g glycine (Fisher), 15 g tris (hydroxymethyl)-

methylamine (Fisher) in 4 L dH2O. 

ECL solution I: 40 µl of 25 mM luminal, 17.6 µl coomaric acid, 400 µl Tris pH 8.5 made 

up to 4 ml by dH2O. 

ECL solution II: 2.6 µl 30% H2O2, 400 µl Tris pH 8.5 made up to 4 ml by dH2O. 

10X TBE: 108 g Tris, 55 g Boric Acid and 9.3 g EDTA dissolved in 1 L of H2O. 
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GFP-Trap lysis buffer: 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% 

Nonidet P-40 (Sigma), 2.5 mM MgCl2, 1 mg/ml DNase, 1 mM PMSF and PIC. 

FLAG IP lysis buffer: 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% 

Nonidet P-40 (Sigma), 1 mM PMSF and PIC. 

IP dilution buffer: 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA. 

MST optimised buffer: 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 10 mM MgCl2, 0.05% 

Tween-20. 
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Protein purification buffers 

Recombinant Protein Lysis Buffer 
Wash Buffer 

High Salt Low Salt 
GST-RGC-32, Untagged-
RGC-32 and GST-FLAG-
RGC-32 

20 mM HEPES pH7.5, 
500 mM NaCl, 5 mM 
EDTA 

20 mM 
HEPES 
pH7.5 and 1 
M NaCl 

20 mM 
HEPES 
pH7.5 and 
500 mM 
NaCl 

GST-Chicken Spc-24(125-
195 aa)-25(132-234 aa) and 
GST-Human Spc24(121-197 
aa)-25(123-224 aa) 

20 mM Tris-HCL 
pH7.5, 200 mM NaCl, 
5 mM EDTA, 0.4% 
NP-40 

20 mM Tris-
HCL pH7.5, 
1 M NaCl 

20 mM Tris-
HCL pH7.5, 
200 mM 
NaCl 

 

Storage buffers 

Protein Assay Storage Buffer 

Untagged-RGC-32 Crystallisation 20 mM HEPES pH 7.4, 500 
mM NaCl, 0.5 mM TCEP 

GST-RGC-32 Interaction studies (SPR, 
MST) 

20 mM HEPES pH 7.4, 300 
mM NaCl, 10 mM MgCl2, 
0.01% Tween 20 and 0.5 mM 
TCEP 

Untagged-RGC-32 
Interaction studies (SPR, 
MST) and ADP-Glo 
Kinase Assay 

20 mM HEPES pH 7.4, 300 
mM NaCl, 10 mM MgCl2, 
0.01% Tween 20 and 0.5 mM 
TCEP 

FLAG-RGC-32 Interaction studies 
(HTRF) 

20 mM HEPES pH 7.4, 300 
mM NaCl, 10 mM MgCl2, 
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Protein Assay Storage Buffer 

0.01% Tween 20 and 0.5 mM 
TCEP 

Chicken Spc-24(125-195 
aa)-25(132-234 aa) and 
Human Spc24(121-197 aa)-
25(123-224 aa) 

Interaction studies 
(MST) 

20 mM Tris-HCL pH7.5, 200 
mM NaCl, 0.5 mM TCEP 
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2.3 Cell Culture 

2.3.1 Transformed cell lines 

The list of cell lines used for biochemical and cell biology studies is attached in Appendix 

7.9. 

2.3.2 Stable cell lines 

A. BL31 cell lines 

The EBV-negative Burkitt’s lymphoma (BL31) cell line was infected with wild-type 

recombinant EBV bacmids or EBNA 3A, 3B and 3C knock-out and revertant bacmids. 

The knock-out cell lines carried an internal deletion for EBNA3A and EBNA3B and for 

EBNA3C only exon 2 was deleted. BL31 and these BL31 cell lines were kindly provided 

by Prof M. Allday (Anderton et al., 2008). Cells were cultured in RPMI medium 

(Invitrogen) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-

streptomycin, glutamine (PSG), 1 mM sodium pyruvate (Sigma) and 50 µM α-

thioglycerol (Sigma). 100 µg/ml Hygromycin B (Invitrogen) was added to the media to 

select for resistant cells containing recombinant EBV. 

B. LCL EBNA3A and EBNA3B cell lines 

LCLs established by infecting primary B cells with either wild-type EBV (LCL3A wt) or 

mutant virus lacking the coding sequence for EBNA3A (LCL 3A mutB) were kindly 

provided by Prof Kempkes. These stable cell lines were maintained by supplementing the 

cell culture medium with 100 µg/ml Hygromycin B (Invitrogen) (Hertle et al., 2009). 

LCL EBNA3B KO, wt BAC and EBNA3B revertant cell lines were established by 
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infecting peripheral blood leukocytes (PBLs) from donor 2 (D2). These cell lines were 

kindly provided by Prof M. Allday (White et al., 2010) .  

C. EREB 2.5 cell line 

The EBV-immortalised LCL that expresses a conditionally-active estrogen receptor 

(ER)-EBNA2 fusion protein was kindly provided by Prof B. Kempkes (Kempkes et al., 

1995). These cells were cultured in the presence of β-estradiol (Sigma, Cat. No. E8875). 

For inactivation and reactivation of EBNA2, cells were maintained in the absence of β-

estradiol for 4 days and 1 µM β-estradiol was re-added for either 8 hr or 17 hr prior to 

cell harvest. 

D. LCL 3CHT cell line 

This LCL is infected with recombinant EBV expressing EBNA3C fused to a 4-

hydroxytamoxifen (HT)-sensitive murine oestrogen receptor (LCL 3CHT) was kindly 

provided by Prof M. Allday (Skalska et al., 2013). For 4-hydroxytamoxifen (Sigma, UK) 

withdrawal and add back experiments, cells were maintained in the presence of 400 nM 

of 4-hydroxytamoxifen for 25 days, HT was then washed off and cells were cultured in 

media without HT for 21 days. HT was re-added as required and cells were cultured for 

a further 10 days.  

E. HeLa cdk1as and U2OS cdk1as cell lines 

Human cervical epithelial cancer cells (HeLa) and Human osteosarcoma cells (U2OS) 

expressing analogue sensitive (as) CDK1 were generated by disrupting the endogenous 

CDK1 and expressing Xenopus laevis cdk1as from a stably maintained plasmid was 

kindly provided by Dr Helfrid Hochegger (Ruppert et al., 2018). CDK1AS is sensitive to 
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the inhibition by the bulky ATP analogue 1NM-PP1 which leads to arrest cells in G2. 

The cell line was maintained in DMEM medium (Invitrogen) supplemented with 10% 

fetal bovine serum (FBS), 1% penicillin-streptomycin, glutamine (PSG).  

2.3.3 Transient Transfection 

A. Electroporation 

DG75 cells were diluted 1:3 24 hours before electroporation. Cells were pelleted at 1300 

rpm in a Sorvall Legend RT centrifuge with swing bucket rotor (Thermofisher) and the 

supernatant was kept as conditioned media. The DNA was mixed in Eppendorf tubes in 

a total volume of 50 µl and incubated on ice for 10 minutes. The cells were resuspended 

in serum-free media, counted, re-pelleted and resuspended at 2x107 cells/ml in serum-free 

media. 0.5 ml of cells were added to each Eppendorf tube, mixed with the DNA and 

moved to electroporation cuvettes (0.4 cm gap, VWR). Samples were cooled on ice for 

10 minutes and then electroporated at 230 V and 950 µF using a BioRad Gene Pulser II. 

Following incubation at 37oC with 5% CO2 for 30 minutes, the cells were transferred into 

25 cm3 flasks containing 10 ml warm conditioned media and incubated at 37oC for 48 

hours.  

B. Lipofectamine® 2000 

HeLa or HeLa cdk1as cells were seeded in 35 mm glass bottom microwell (14 mm, No. 

1.5 coverglass) dishes (MatTek Corporation, Cat. No. P35G-1.5-14-C) at 3.5x105 in 2 ml 

of supplemented media 24 hr prior to transfection.  2.5 µl of Lipofectamine® reagent 

(Invitrogen, Cat. No. 11668027) was diluted in 100 µl of serum-free media. 1 µg of DNA 

was diluted in 100 µl of serum-free media in a different tube. The diluted DNA was added 
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to the diluted transfection reagent and incubated at room temperature for 10 minutes. The 

transfection reagent: DNA complex was added to the cells in a drop-wise manner and 

plates were swirled briefly to ensure even distribution over the plate. The media with 

transfection complex was changed 8 hours post-transfection and the cells were incubated 

in supplemented media at 37oC for 24 hours.   

C. Calcium Chloride (CaCl2) transfection  

HEK 293 cells were seeded into 10 cm3 culture dishes at 0.75x106 cells in 10 ml media. 

Cells were transfected the next day using the calcium phosphate precipitation method. 5 

µg of plasmid DNA was added to 61 µl of 2M CaCl2 to a final volume of 500 µl. This 

solution was added dropwise to 500 µl of 2X HEPES-Buffered Saline Solution (HBSS) 

(12 mM dextrose, 50 mM HEPES, 10 mM KCl, 280 mM NaCl, 1.5 mM disodium 

hydrogen phosphate dihydrate (Na2HPO4.2H2O)) while bubbling gently using a 1 ml 

pipette and electronic pipette to mix. The 1 ml solution was then immediately added 

dropwise to the cells and swirled to mix. The next day the precipitate-containing medium 

was removed, the cells were washed with PBS and complete media was added. Cells were 

harvested 48 hours following the transfection. 

2.3.4 Generation of the U2OS cdk1as eGFP-RGC32 stable cell line 

3x105 U2OS cdk1as cells were plated in a 6 cm dish in 2 ml of media 24 hour prior to 

transfection. Cells were transiently transfected using Lipofectamine® 2000 reagent as 

follows; 
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Tube 1 
1.5 µg ROSA26_eGFP-RGC-32 + 0.5 µg guide RNA oligos (gRNA) for 

ROSA26 locus + 100 µl Serum Free Media 

Tube 2 2.5 µl of Lipofectamine® Reagent + 100 µl Serum Free Media 

 

The gRNA (gRNA Forward: CACCGGACCTGCTACAGGCACTCGT; gRNA Reverse: 

AAACACGAGTGCCTGTAGCAGGTCC) has a complementary sequence to the target 

region and a ‘PAM’ (Protospacer adjacent motif) sequence recognised by the Cas9 

nuclease which targets homologous recombination at the region of interest in ROSA26 

locus. Diluted DNA/gRNA mix was added to the diluted reagent and incubated at room 

temperature for 10 minutes. The transfection reagent: DNA complex was added to the 

cells in a drop-wise manner and plates were swirled briefly to ensure even distribution 

over the plate.  Cells were trypsinised 48 hours post transfection and diluted in complete 

DMEM media with Zeocin (200 µg/ml, Invitrogen, Cat. No. R25001) to obtain single 

cells per well in 96-well plates. After 3 weeks, zeocin-resistant single cell colonies were 

screened for the integration of eGFP-RGC-32 at the ROSA26 locus using specific primers 

(Appendix 7.6). Colonies that tested positive for integration were further grown to test 

the inducible expression of eGFP-RGC-32 upon addition of Doxycycline (1 µg/ml).  

2.3.5 Generation of the IB4 stable cell line (Neon Transfection Kit) 

IB4 cells were split 1:3 one day prior to transfection. 5x106 cells were washed in PBS 

once and resuspended in 100 µl of Buffer T (Neon Transfection Kit, Invitrogen). 5 µg of 

pRTS-1 or pRTS-1 RGC-32 was added to the cells to a final volume of 120 µl. Cells were 
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transfected using a 100 µl Neon tip at 1300 V, 30 msec, and 1 pulse. Transfected cells 

were then transferred to a flask containing pre-warmed media (without antibiotics) 

followed by recovery for 48 hours. Initially, 100 µg/ml Hygromycin B (Invitrogen) was 

added to cells to select the transfected cells and was then increased to 300 µg/ml 

Hygromycin B after one week. Within the next 4 weeks, hygromycin-resistant cell grew 

out which stably contained the inducible plasmids, pRTS-1 or pRTS-1 RGC-32. 

2.3.6 Constitutive RGC-32 silencing in the IB4 cell line 

IB4 pRTS-1 and IB4 pRTS-1 RGC-32 cells were treated with 1 µg/ml Doxycycline 

(Sigma) for 24 hrs to induce the expression of RGC-32. 1x105 IB4 pRTS-1 and IB4 

pRTS-1 RGC-32 cells were transduced with either Mission lentiviral transduction 

particles (Sigma) containing shRNA sequences against human RGC-32 (shRNA 5: 

TRCN0000153026, shRNA 6: TRCN0000156253) or Mission lentiviral Non-

Mammalian shRNA control transduction particles (SHC002V) by spinoculation for 2 hrs 

at 1,200 g at 32oC at MOI 5. After transduction, cells were maintained in 1 µg/ml 

Doxycycline and 300 µg/ml Hygromycin B for 4 days followed by the selection of 

transfected cells by addition of 0.5 µg/ml of Puromycin (Sigma) up to 5 days. The 

percentage of GFP-positive cells was counted using FACS (BD Accuri C6). 

2.3.7 siRNA Transfection 

siRNA was transfected by reverse transfection. For this technique, trypsinised cells at the 

concentration of 1 x105 cells/ml were used. U2OS cdk1as eGFP-RGC-32 cells were 

transfected using LipofectamineTM RNAiMAX reagent (Invitrogen, Cat. No. 13778030) 

as follows; 
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Tube 1 20 nM of siRNA + 250 µl Serum Free Media 

Tube 2 
5 µl of LipofectamineTM RNAiMAX reagent + 250 µl Serum Free 
Media 

 

This mixture was incubated at room temperature for 10 minutes and then mixed with 2 

ml of the cell culture. The cells-siRNA mix was then plated into 6-well dish. Cells were 

then grown at 37oC for 48 hr before the lysates were collected for immunoblotting using 

appropriate antibodies (Appendix 7.1 & 7.2). The sequences of siRNA oligos used in this 

study are listed in Appendix 7.7. 
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2.4 Molecular Biology 

2.4.1 Miniprep 

Several colonies were picked with a sterile tip and each colony was grown separately in 

5 ml of LB containing appropriate antibiotics. The transformed bacteria were incubated 

at 37oC overnight in a shaking incubator at 225 rpm. The culture was then transferred to 

a 15 ml tube and cells were harvested by centrifugation at 4000 rpm for 5 minutes using 

Heraeus MegaFuge 8R centrifuge (Thermofisher). Plasmid DNA was extracted using a 

Qiagen Spin Miniprep kit (Qiagen, Cat. No. 27104) following the manufacturer’s 

instructions. 

2.4.2 Maxiprep 

Several colonies were picked with a sterile loop and each colony was grown in 2 ml of 

LB containing appropriate antibiotics. The transformed bacteria were incubated at 37oC 

in a shaking incubator at 225 rpm for 3-4 hr. An overnight culture was set up by adding 

500 µl of the day culture to 100 ml of LB containing appropriate antibodies and was 

incubated at 37oC overnight in a shaking incubator at 225 rpm. The cells were harvested 

by centrifugation at 6000 g for 15 minutes at 4oC using Heraeus MegaFuge 8R centrifuge 

(Thermofisher). Plasmid DNA was extracted using a Qiagen Plasmid Maxi Kit (Qiagen, 

Cat. No. 12162) according to the manufacturer’s instructions. 
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2.4.3 Restriction Enzyme Digestion 

Restriction enzyme digestion reactions were set up as below: 

Experimental Reaction Volume (µl) 

Restriction Enzyme (20,000 units/ml) 2 

DNA template (6 µg) x 

10X NEBuffer 2 

Final volume 20 

 

The samples were incubated at 37oC for 1 hr 30 minutes. The linearised DNA fragments 

were separated on a 1% agarose gel in TBE and the DNA was purified by gel extraction 

as required. 

2.4.4 DNA gel purification  

The DNA of interest was cut out of the agarose gel using a razor blade. DNA was purified 

using the QIAquick Gel Extraction Kit (Qiagen, Cat. No. 28704) following the 

manufacturer's instructions. The DNA was eluted in 50 µl of nuclease-free water. 

2.4.5 Alkaline phosphatase treatment of DNA 

To prevent single cut linearised vector from re-ligating, the samples were treated with 

alkaline phosphatase (Roche, Cat. No. 10713023001) to remove the 5' phosphate group 
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from the cut ends. Reactions were set up as below; the samples were incubated at 37oC 

for 30 minutes. 

Experimental Reaction Volume (µl) 

Alkaline phosphatase (1unit/µl) 4 

DNA template (digested) x 

10X Alkaline dephosphatase buffer 4 

Final volume 40 

 

2.4.6 Ligation  

The gene of interest was cloned into the destination vector at the multiple cloning site. 

To achieve ligation, approximately 100 ng of the vector was mixed with the insert in 

molar ratios 1:1, 1:3, 1:6, 1:9 in the presence of 2 µl of 10 X T4 DNA Ligase buffer and 

1.5 µl of T4 Ligase and filtered sterilised water in a final volume of 20 µl. The samples 

were incubated overnight on ice on the bench. These samples were then used for 

transformation of E.coli DH5α. 

2.4.7 Genomic DNA extraction from mammalian cells 

Cells were grown in 35cm dish until ~70% confluent to extract genomic DNA. Cells were 

first washed once with PBS followed by cell lysis and DNA extraction using the Wizard® 

SV Genomic DNA Purification System (Promega, Cat. No. A2360).  
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2.4.8 Gibson Assembly 

The insert DNA, eGFP-RGC-32 was amplified from pEGFP-C3-RGC-32 using 

ROSA26_eGFP-RGC-32 primers by PCR (Appendix 7.6). Both vector (pROSA26 MCS) 

and amplified insert (eGFP-RGC-32) were digested with AgeI restriction enzyme. 70 ng 

of vector and 3-fold excess of insert DNA was used to set up the reaction as shown below: 

Experimental Reaction Volume (µl) 

DNA fragments (70 ng) x 

Gibson Assembly Master Mix (2x) 10 

dH2O 10-x 

Final volume 20 

 

The reaction mixture was incubated at 50oC for 15 minutes. Samples were either stored 

in -20oC or transformed into competent E.coli cells (DH5α) with 2 µl of reaction mix. 

2.4.9 SLIC cloning 

RGC-32 in fusion with N-terminal FLAG-tag was cloned into pGEX-6P3 using sequence 

and ligation independent cloning. First, FLAG-RGC-32 was amplified using Phusion 

polymerase from a plasmid (pFLAG-RGC-32) previously generated in the laboratory 

with pGEX6P3_FLAG RGC-32 PCR primers (Appendix 7.6). The amplified insert and 

BamHI digested pGEX6P3 were ligated as below: 
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Reaction Volume (µl) 

Vector (40 ng) x 

Insert (80 ng) y 

T4 DNA polymerase 0.25 

Buffer (2.1 NEB) 1 

dH2O Up to 10 

 

The reaction was incubated at room temperature for 10 minutes for the T4 DNA 

polymerase to resect the cut ends and ligate the insert to single-stranded vector. 

Subsequently, the reaction mix was incubated on ice for 10 minutes to fill the single-

strand DNA gap through DNA repair. Thereafter, the final mix containing the ligated 

vector was transformed into competent DH5α cells. 

2.4.10 Transformation of bacterial cells 

100 ng of plasmid DNA or ligated DNA was mixed with 100 µl of competent E.coli 

DH5α cells or 75 µl of BL21 (DE3) Rosetta2 pLysS cells and incubated on ice for 10 

minutes. The cells were then heat shocked at 42oC for 45 seconds and incubated on ice 

for another 5 minutes. 900 µl of LB was added to cells and transformed bacteria were 

incubated at 37oC for 45 minutes in a shaking incubator at 225 rpm. The transformed 
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cells were pipetted onto agar plates (20 µl, 70 µl, 100 µl) containing appropriate 

antibiotics and spread using a sterile spreader. Colonies were grown overnight at 37oC. 

2.4.11 Glycerol stock 

DH5α or BL21 (DE3) Rosetta2 pLysS competent cells were transformed with plasmid 

DNA and streaked onto agar plates containing appropriate antibiotics. One colony was 

picked and inoculated into 10 ml of LB containing appropriate antibiotics in a centrifuge 

tube. The tube was placed in a shaking incubator at 37oC with 225 rpm overnight. The 

15% glycerol stock was prepared by adding 150 µl of glycerol to 850 µl of culture and 

transferring to cryogenic vial. Vials were then stored at -80oC. 

2.4.12 RNA Extraction 

RNA was extracted from cells using Tri Reagent (Sigma) using 1ml per 1x107 cells 

according to the manufacturer’s instructions. 1-2 µg of extracted RNA was further 

purified using the RNeasy Mini Kit (Qiagen, Cat. No. 74104) according to the 

manufacturer’s instructions and stored at -80oC.  

2.4.13 cDNA Synthesis 

cDNA synthesis from RNA was carried out using the ImProm-II™ Reverse Transcription 

System Kit (Promega, Cat. No. A3800). Based on the manufacturer’s instructions, 1 µg 

of each RNA was mixed with 1 µl Random Primer and water added to a final volume of 

5 µl. The samples were incubated at 70oC for 5 minutes and then placed on ice for another 

5 minutes. The reaction for cDNA synthesis was set up as below; 
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Experimental Reaction Volume (µl) 

5X ImProm™ Reaction Buffer 4 

MgCl2 4 

dNTP Mix 1 

Recombinant Rnasin® Ribonuclease inhibitor 0.5 

Reverse transcriptase 1 

Nuclease-free H2O x 

Final volume 15 

15 µl of the above master mix was added to the RNA and primer mix and the samples 

were then incubated for 5 minutes at 25oC, 60 minutes at 42oC and 15 minutes at 70oC 

and finally stored at -80oC. 

2.4.14 Real-time Polymerase Chain Reaction 

GoTaq qPCR SYBR® Green (Promega, Cat. No. A6001) was used for the standard 

quantification assay. According to the manufacturer’s instructions, 3 µl of diluted (1:10) 

cDNA was added to 12 µl of PCR cocktail containing 7.5 µl 2X GoTaq qPCR SYBR® 

Green Master Mix, 0.15 µM forward and 0.15 µM reverse primers and the total volume 

was made up to 15 µl by nuclease-free water. Power SYBR® Green Cells-to-CTTM Kit 

(Applied Biosystems) was used for real time PCR reactions from RGC-32 knockdown 

rescue experiment. According to manufacturer’s instructions, 4 µl of cDNA was added 

to 16 µl of PCR cocktail (containing 10 µl Power SYBR® Green PCR master mix, 300 
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nM forward primer, 300 nM reverse primer and the total volume was made up to 16 µl 

by nuclease free water). A thermal cycler 7500 Real Time PCR system from Applied 

Biosystems was used for PCR using the following cycling conditions;  

System 

Initial 
Denaturation Denaturation Anneal Dissociation Curve 

1 cycle 40 cycles 1 cycle 

Temp. 
(oC) 95 95 60 95 60 95 

Time 
(mm:ss) 10:00 00:15 01:00 00:15 01:00 00:15 

 

For standard quantification, cDNA from an appropriate cell line was used to generate a 

standard curve for each primer set. A 1:5, 1:25, 1:125, 1:625 and 1:3125 dilution of cDNA 

corresponded to 50, 10, 2, 0.4 and 0.08 ng of input RNA. These standard curves were 

used to convert the crossing threshold (Ct) values obtained for all samples into arbitrary 

RNA quantity values. This allows normalisation to a control transcript (GAPDH) 

between different cell lines.  

2.4.15 Gene Expression Analysis using TaqMan array cards 

TaqMan array cards preloaded with genes expression assays for BCR signalling genes 

and genes close to significant EBNA2 or EBNA3 peak in addition to four control 

(GAPDH, GUSB, RPLP0, and HPRT1) genes was designed by Dr Michael McClellan. 

Control genes were used to measure gene expression using the comparative Ct method of 

relative quantification. cDNA was synthesised from 1 µg of RNA of BL31 cell lines, LCL 
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stable cell lines and EREB 2.5 cells using the ImProm IITM Reverse Transcriptase 

System Kit (Promega). 50 µl of TaqMan Universal PCR Master Mix (2x) with UNG was 

added to 200 ng of cDNA and nuclease-free water was added to a final volume of 100 µl. 

The samples were centrifuged briefly to remove all the air bubbles. The TaqMan array 

card was placed on the bench with the foil side down and was allowed to reach room 

temperature before loading the samples. 100 µl of cDNA sample with master mix was 

loaded into each fill reservoir in such a way that the sample sweeps in and around the fill 

reservoir towards the vent port. The array card was centrifuged twice at 1,200 rpm for 1 

minute. The card was sealed, and the ports and the A1 corner were cut off using scissors. 

It was then loaded into Applied Biosystems 7900HT TaqMan Array Microfluidic Card 

Thermal Cycling block in such a way that the A1 corner is placed onto the adapter, and 

wells with controls and samples were selected using the software from the manufacturer. 

The following program was used; 

System 

UNG 
incubation 

Polymerase 
activation 

PCR 

Cycles (40 cycles) 

Hold Hold Denature Anneal/ extend 

Temp. (oC) 50 95 95 60 

Time (mm:ss) 02:00 10:00 00:15 01:00 

The data was analysed with the cloud suite software Symphoni (Life Technologies) using 

the Relative Quantification Module. 
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2.5 Microscopy 

2.5.1 Time-lapse Microscopy  

For time-lapse microscopy, 3.5x105 cells were plated in 35 mm glass bottom microwell 

(14mm, No. 1.5 coverglass) dishes (MatTek Corporation) and images were captured 24 

hours after DNA transfection in a heated chamber (37oC) using the Olympus IX73 

microscope. Z-stacks were collected at 1 µm intervals every 1-5 minutes. All the images 

presented were processed in Omero software. 

2.5.2 Mitotic entry 

U2OS cdk1as eGFP-RGC-32 cells were plated in an 8-well chambered slide at 1.9x104 

cells per well. The following day cells were treated with 1 µg/ml doxycycline (Sigma, 

Cat. No. D9891) 48 hrs to induce the expression of GFP-RGC-32. Cells were arrested in 

G2 phase using 2 µM of CDK1 inhibitor 1NM-PP1 20 hour along with 2 µM of SiRDNA 

(Nuclear stain, Spirochrome, Cat. No. CY-SC007) prior to time-lapse imaging. In order 

to release the cells from G2 arrest, 1NM-PP1 was washed off using 3% FBS in PBS (1X) 

for 5 times and live-cell media containing 25 µM MG132 (Selleckchem, Cat. No. S2619) 

was added in the presence or absence of doxycycline. Different concentrations of the 

CDK1 inhibitor 1NM-PP1 were also added to the cells for partial inhibition of CDK1 

activity. Time-lapse imaging was performed for 4 hours with images taken every 15 

minutes using a 20x lens using the Olympus IX73 microscope.  

Mitotic entry with Wee1 inhibitor, MK-1775 (Selleckchem, Cat. No. S1525) was 

performed by adding Wee1 inhibitor (500 nM) to the cells 30 minutes prior to wash off 

and cells were analysed as above.  
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2.5.3 High Content Image Analysis 

Fixed cell images were collected for each condition with the Olympus ScanR microscope 

using a 20x lens. Each image was first processed (ScanR software) to identify the nuclei 

in each well by using the Hoechst channel followed by background correction for each 

channel. Cells were gated based on the presence or absence of nuclear envelope as in G2 

or in Mitosis population and the mean intensity of each channel (Cy5, TxRed) for the 

gated population was calculated. ScanR derived data was used to generate box plots and 

histograms in PyCharm.   

 



Page 80 

 

2.6 Biochemical Methods 

2.6.1 SDS-PAGE  

10-15 µl of whole cell lysate was resolved using 4-12% Bis Tris gel or Tris Glycine gels 

(Invitrogen). Gels were run at 200 V for 50 minutes in MOPS buffer or 35 minutes in 

MES buffer. 5 µl of marker (1X See Blue® Plus 2 pre-stained standard, Invitrogen) was 

used to determine the molecular weights of proteins. 

2.6.2 Western Blotting 

After the separation of the proteins by SDS-PAGE, the proteins were transferred to 

Protran nitrocellulose membrane 0.45 µm (GE Healthcare, Cat. no. 15239824) by western 

blotting at 85 V for 90 minutes with cooling in transfer buffer using a transblot apparatus 

(Biorad). The blot was stained with Ponceau stain (Sigma, Cat. No. P7170-1L) for 1 

minute in order to check if the transfer was successful. Subsequently, the stain was 

washed off with PBS-Tween and the blot then blocked with 5% milk in PBS-Tween for 

1 hour. The blot was incubated with appropriate primary antibody diluted in 10 ml PBS-

Tween containing 5% milk, overnight at 4oC on a rocker. Next day, the blot was washed 

three times for 10 minutes each with PBS-Tween. The blot was then incubated for 1hr 

with horseradish peroxidise-conjugated secondary antibody diluted in 10 ml PBS-Tween 

containing 5% milk at room temperature (RT). The blot was given a quick rinse in PBS-

Tween and then washed in PBS-Tween for 3 times for 10 minutes each. Each membrane 

was then briefly incubated with a total volume of 4 ml enzymatic chemiluminescence 

(ECL) solution (1:1 mixture of solution I and solution II). The membrane was exposed 

directly to the Odyssey Fc Imager (LiCor) for both Chemiluminescence and the 700 nm 

channel to visualise the markers. 
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2.6.3 Bradford Assay 

10 µl diluted or undiluted protein samples were added with 200 µl 1:5 dye reagent (BIO-

RAD) and absorbance at 600 nm was measured using the GloMax-Multiplate reader 

system (Promega, Cat. No. GM3000). The standard curve consisted of BSA diluted in 

water to give a final concentration of 25 µg/ml, 125 µg/ml, 250 µg/ml, 500 µg/ml, 750 

µg/ml, 1000 µg/ml, 1500 µg/ml, and 2000 µg/ml. 

2.6.4 GFP-Trap Immunoprecipitation Assay 

2x106 cells expressing GFP-tagged RGC-32 were harvested 48 hr post-transfection. The 

cell pellet was washed with 1 ml for three times of ice-cold PBS and centrifuged at 500 

g for 3 minutes at 4oC. The cells were resuspended in 500 µl ice-cold GFP-trap lysis 

buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% Nonidet P-40 

(Sigma), 2.5 mM MgCl2, 1 mg/ml DNase, 1 mM PMSF and PIC) and placed on ice for 

30 minutes with extensive pipetting every 10 minutes. The cell lysate was centrifuged at 

13,000 rpm for 15 minutes at 4oC and the lysate was transferred to a tube with 300 µl of 

IP dilution buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA). GFP-

Trap_M beads (Chromotek, Cat. No. gtm-20) were washed three times with 500 µl IP 

dilution buffer followed by magnetic separation of beads until the supernatant was clear. 

The lysate was incubated with the equilibrated GFP-trap M beads, with rotation at 4oC 

for 1 hr. Beads were separated magnetically and washed three times with 500 µl IP 

dilution buffer. The GFP-trap M beads were resuspended in 50 µl 2X gel sample buffer 

(GSB) and heated at 95oC for 10 minutes and centrifuged. The protein samples were 

analysed by western blotting for CDK1, PLK1, Spc24 and Spc25 using appropriate 

antibodies (Appendix 7.1 & 7.2). 
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2.6.5 FLAG Immunoprecipitation Assay 

2x106 cells expressing FLAG-tagged RGC-32 were harvested 48 hours post- transfection. 

For crosslinking, 1% of Formaldehyde (Sigma) in PBS was added to cells and the cells 

were incubated at room temperature for 10 minutes on a roller. The reaction was 

terminated by adding 2 M Glycine followed by incubation at room temperature for 5 

minutes. Cell pellets -/+ formaldehyde treatment were washed three times with 1 ml of 

ice-cold PBS and centrifuged at 500 g three times at 4oC. The cells were resuspended in 

300 µl ice-cold FLAG IP lysis buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM 

EDTA, 0.5% Nonidet P-40 (Sigma), 1 mM PMSF and PIC) and placed on ice for 45 

minutes with regular extensive pipetting. The cell lysate was centrifuged at 13,000 rpm 

for 15 minutes at 4oC and the lysate was transferred to a tube with 200 µl of IP dilution 

buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA). A Bradford assay was 

performed in order to ascertain equal loading of input sample for each condition. Anti-

FLAG M2 beads (Sigma, Cat. No. M8823) were washed 500 µl three times with IP 

dilution buffer followed by magnetic separation of beads until supernatant is clear. Lysate 

was incubated with equilibrated Anti-FLAG M beads, rotating at 4oC, overnight. Beads 

were separated magnetically and washed once with 500 µl high salt wash buffer (10 mM 

Tris-HCl pH 7.5, 500 mM NaCl, 0.5 mM EDTA, 0.5% Triton-X100), twice with low salt 

wash buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% Triton-X100) 

and 500 µl once with IP dilution buffer. The Anti-FLAG M beads were resuspended in 

25 µl 2X gel sample buffer (GSB), heated at 95oC for 10 minutes and centrifuged. The 

protein samples were analysed by western blotting for CDK1 and RGC-32 using 

appropriate antibodies (Appendix 7.1 & 7.2). 
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2.6.6 Protein expression 

Plasmids containing the desired protein construct (Appendix 7.9) were transformed into 

E.coli BL21 (DE3) Rosetta2 pLysS cells. A single colony was used to inoculate 50 ml of 

LB containing appropriate antibiotics, which was placed at 37oC in a shaking incubator 

overnight. The next day the overnight culture was used to inoculate a day culture for 

protein expression at 37oC until the cells reached the optical density (OD) of 0.8 as 

measured at 600 nm. Protein expression was induced with 0.8 mM IPTG and the cultures 

were grown further at 18oC overnight in a shaking incubator at 225 rpm. The cells were 

harvested by centrifugation at 5,000 rpm for 20 minutes at 4oC. Cell pellets were either 

stored at -80oC until required or used directly for purification. 

2.6.7 Protein purification 

Cell pellets were resuspended in 100 ml lysis buffer with PMSF, Lysozyme (0.25 mg/ml) 

and Protease Inhibitor Cocktail EDTA-free (Roche, 11836170001). Cell lysis was 

performed by sonication using the 3 mm probe at 35% amplitude for 10 minutes with 5 

seconds on and 5 seconds off pulse to break open the cells. The cell lysate was centrifuged 

at 15,000 rpm for 45 minutes at 4oC and the supernatant obtained was used for further 

purification. 1 ml of Glutathione Sepharose 4B beads slurry (GE Healthcare, Cat. No. 

GE17-0756-01) pre-equilibrated with lysis buffer for every 1 L of culture. The pre-

equilibrated beads were incubated with the cell-free extract on a rotor for 2 hr at 4oC. The 

beads were then washed twice with 25 ml high salt wash buffer and three times with 25 

ml low salt wash buffer. 
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For GST-RGC-32, the protein was eluted with 10 ml of elution buffer (20 mM HEPES 

pH7.5, 500 mM NaCl and 20 mM L-Glutathione) and injected onto a desalting column 

pre-equilibrated in 20 mM HEPES pH7.5, 500 mM NaCl. For Untagged-RGC-32, 

FLAG-RGC-32, Untagged-Chicken Spc24-25 and Human Spc24-25, the GST-tag was 

cleaved on the beads to which the proteins were bound by incubating the beads with 

PreScission buffer (400 µl of 2 mg/ml PreScission protease in low salt wash buffer + 1 

mM DTT) at 4oC overnight. Both GST-RGC-32 and cleaved proteins were further 

purified using a gel filtration column S200 16/600 (GE Healthcare) and S75 16/600 (GE 

Healthcare) respectively.  

2.6.8 Surface Plasmon Resonance Analysis 

Immobilisation of bait proteins (GST-RGC-32 or GST-CDK1 and GST-CDK1-Cyclin B) 

was performed by injecting 30 µg/ml of bait protein onto Anti-GST CM5 sensor chip to 

give a surface density of 6000-25000 RU. Ligand proteins (CDK1, CDK1-Cyclin B, 

Cyclin H or RGC-32 and Cks1) were injected for 60 seconds at a flow rate of 30 µl/minute 

for each sensorgram. The sample was injected in a 5-fold dilution starting at 5000 nM 

and the contact time was 500 seconds for RGC-32 as bait and 4000 seconds for CDK1/ 

CDK1-Cyclin B as bait. All the reactions were performed in 20 mM Hepes pH7.4, 100 

mM NaCl, 10 mM MgCl2, 0.01% Tween 20. 

2.6.9 Labelling of protein 

Fluorescent dye NT-647 NHS (Nanotemper Technologies, Cat. No. L001) was used to 

label untagged-RGC-32 (20 µM) protein. First, the solid dye was dissolved in 100% 

DMSO to a final concentration of 435 µM. The concentration of dye was adjusted to 60 
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µM using the labelling buffer (Nanotemper Technologies). Protein and dye were mixed 

in 1:3 ratio to a final volume of 200 µl and incubated at room temperature for 30 minutes 

in dark. The mixture was then passed through the gravity column (Nanotemper 

Technologies) to remove the unreacted free dye from the protein. The purity of the 

labelled-protein was determined by measuring the 260 nM: 650 nM ratio using a 

spectrophotometer. 

2.6.10 MicroScale Thermophoresis (MST) 

MST was performed by titrating pCDK1-Cyclin B(165-433 amino acids), pCDK2-Cyclin A(174-

432 amino acids) and Chicken Spc24-25 against fluorescently labelled RGC-32. Binding of 

RGC-32 to different ligands was determined using a Monolith N11.5 machine 

(Nanotemper Technologies) with standard treated capillaries (Nano temper technologies, 

Cat. No. M0-K002). First, a pre-test check was performed to determine the homogeneity 

and optimal working concentration of fluorescently-labelled RGC-32. Once an optimal 

concentration was determined, the RGC-32 protein was diluted using MST optimised 

buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 10 mM MgCl2, 0.05 % Tween-20) to 

make a stock of 100 nM. Ligand proteins were serially diluted to give 16 reaction 

concentrations using MST optimised buffer in 16 serial steps in a volume of 10 µl in PCR 

tubes. After this, 10 µl of fluorescently-labelled RGC-32 was added to each tube to give 

a final concentration of 50 nM. Capillary tubes were filled by dipping the capillaries in 

each tube and then placed onto the capillary tray. Monolith binding affinity program was 

run to determine the affinity of binding. All the experiments were carried out at 25oC.   
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2.6.11 Crystallisation of RGC-32 

Purified RGC-32 protein at 8 mg/ml was used to set up crystal trials. An Art Robins 

Phoenix robot was used to load 400 nl of purified protein onto each of the 96 sitting drop 

crystallisation well. PACT premier HT-96 and JCSG plus HT-96-well deep blocks were 

used for the screening crystallisation conditions as they cover a broad range of PEG and 

salt conditions. The plates were stored at 20oC. 

2.6.12 RGC-32-CDK1-Cyclin B model generation 

A 3-D model for the complex was generated using an online Z-Dock server. The RGC-

32 model was initially generated using the Raptor 3-D prediction program. The RGC-32 

model was used as an input ligand while the CDK1-Cyclin B structure (PDB 4YC3) was 

used as a receptor (Brown et al., 2015). The Z-dock program generates a structure model 

of the complex based on all possible combinations in the translational as well as rotational 

space between the ligand and the receptor proteins. It screens each model using an energy-

based function and generates five models. Each model generated will have different 

energy content.  For the interaction to be favourable, the energy for the complex should 

be less than the energy of the individual molecules. The complex with the least energy 

content (model 1) was used for our analysis. 

2.6.13 Immunostaining 

Cells were treated with 2 µM of 1NM-PP1 (EMD MILLIPORE, Cat. No. 529581) for 20 

hrs before washing them into mitosis. For fixing, the media was aspirated at each time 

point and cells were washed with warm PBS. The cells were then fixed with 4% freshly 

made paraformaldehyde (Electron Microscopy Sciences, Cat. No. 15714) for 15 min at 
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room temperature. The fixed cells were next washed with PBS three times. Cells were 

permeabilised using PBS-0.1% Triton X-100 (Fisher) for 15 minutes at room 

temperature. After this, the cells were blocked for 60 minutes at room temperature in 3% 

BSA-PBS-0.1% Triton-X 100. Primary antibody (Appendix 7.3) made up in 3% BSA-

PBS was added to the cells overnight at 4oC on a rocker. Cells were then washed three 

times with PBS and incubated in secondary antibodies (Appendix 7.4) diluted in 3% 

BSA-PBS for 2 hr at room temperature in dark. The cells were washed three times with 

PBS followed by addition of Hoechst 33342 (Life Technologies) in PBS (1:1000) to stain 

the nucleus. Stained cells were stored at 4oC in dark. 

2.6.14 Propidium Iodide (PI) Staining 

For propidium iodide staining, 2x104 cells were pelleted at 1300 rpm for 5 minutes at 

4oC. Cells were washed once with cold PBS (1X) and pelleted again. Cells were fixed by 

resuspending in 70% ethanol (cold) at -20oC for 1 hr. Cells were washed twice with cold 

PBS (1X) and pelleted again. Cell pellets were resuspended in 500 µl of PI stain 

containing 50 µg/ml RnaseA (Sigma), incubated for 30 minutes at RT and strained using 

40 µM strainer. Fixed cells were analysed for 10,000 events using BD Accuri C6 flow 

cytometer. Percentage of cells in G2 was determined by gating the cells for cell count 

versus FL2-A.  

2.6.15 FACS Analysis 

Flow cytometry was used to analyse GFP-positive population or cell cycle distribution. 

2x104 cells were pelleted at 1300 rpm for 5 minutes at 4oC. Cells were washed once with 

cold PBS (1X) and pelleted again. Cell pellets were resuspended in 500 µl of 0.5% 
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Formaldehyde in PBS (1X) and strained using 40 µM strainer. Fixed cells were either 

stored at 4oC (short-term) or directly analysed for 10,000 events using BD Accuri C6 flow 

cytometer. Percentage of GFP-positive cells was determined by gating the cells for cell 

count versus FL1-A.   
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3 Characterisation of RGC-32 interaction with CDK1 and the 
kinetochore subunits Spc24-25 

3.1 Introduction 

RGC-32 was first reported as a cell cycle regulator in aortic smooth muscle cells by Badea 

et al. (Badea et al., 2002). The human RGC-32 protein consists of 117 amino acid 

residues. We carried out secondary structure prediction analysis using JPRED 

(Drozdetskiy et al., 2015) which predicted that most of the RGC-32 protein is intrinsically 

disordered, but there are three predicted short α-helices, α-1, α-2 and α-3 (Figure 3.1A). 

A three-dimensional structure prediction analysis using PHYRE2.0 was carried out  

(Kelley et al., 2015) but the overall confidence level of the tertiary structure prediction 

was low (Figure 3.1B). However, the secondary structure analysis by PHYRE2.0 also 

predicted three main α-helices in RGC-32 sequence, which is in agreement with the 

JPRED prediction. The PHYRE2.0 predication also showed that about 54% of RGC-32 

sequence is disordered (Figure 3.1C), indicating that RGC-32 is an intrinsically 

disordered protein. This may explain the low confidence level in its tertiary structure 

prediction. RGC-32 was further confirmed to be highly disordered protein using a 

disorder prediction software, RONN (Yang et al., 2005) (Figure 3.2). 

Previous pull-down studies showed that RGC-32 interacted with CDK1 both in vitro and 

in vivo. This interaction, however, was not observed with CDK2 and CDK4. They further 

showed that the kinase activity of CDK1 was enhanced by RGC-32 in a dose-dependent 

manner in vitro (Badea et al., 2002).  
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Interestingly, another group reported that RGC-32 binds to PLK1, another key mitotic 

kinase, in vitro but not to the CDK1-Cyclin B1 complex (Saigusa et al., 2007). To address 

these contradicting reports, Dr Lina Chen in our laboratory carried out pull-down assays 

and confirmed that RGC-32 binds to both mitotic kinases, CDK1 and PLK1, in B cell 

lysates. This chapter aimed to determine whether the interaction between RGC-32 and 

CDK1 was direct, to characterise the interaction and to examine potential new binding 

partners in order to gain more insight into the function of RGC-32 at the molecular level.  

3.2 Production of recombinant RGC-32 

To study RGC-32 interactions, N-terminal GST-tagged RGC-32 was expressed and 

purified from 3 L of E.coli BL21 (DE3) Rosetta pLysS cells using Glutathione-affinity 

purification. The GST-tag was removed by 3C PreScission Protease cleavage on beads at 

4oC overnight. Untagged RGC-32 protein was concentrated and further purified by S75 

16/600 size exclusion chromatography (SEC). The elution profile obtained using SEC 

showed that RGC-32 ran as a higher molecular weight species than its predicted 

molecular weight (~13 kDa) (Figure 3.3A). Upon calculating the molecular weight based 

on elution volume, it was found that RGC-32 possibly forms a dimer or trimer. However, 

this might also be due to the fact that RGC-32 is mostly unstructured and therefore runs 

as an elongated protein. Analysis of fractions from SEC by SDS-PAGE demonstrated 

that RGC-32 was highly pure and present in fractions B2-B7 (Figure 3.3B).  

After initial purification of RGC-32, we attempted to crystalise RGC-32 to determine its 

three-dimensional structure. For crystallisation, fractions B3-B10 of purified RGC-32  
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Figure 3.3 Purification of RGC-32 and crystallisation. 
(A) Elution profile of RGC-32 from S75 16/600 size exclusion chromatography (SEC) eluted in 20 
mM Hepes pH 7.4, 500 mM NaCl, 0.5 mM TCEP. (B) Coomassie stained gel showing samples from 
SEC. (C) Images of wells showing crystalline precipitant of RGC-32 in (i) 2 M ammonium sulfate, 
0.1% Na acetate pH 4.6 (ii) 0.15 M DL-Malic acid, 20% w/v PEG 3350 and (iii) 0.2 M NaCl, 0.1 M 
Bis-tris pH 5.5, 25% w/v PEG 3350 conditions from JCSG plus screen used for crystal trials. 
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protein were concentrated to 7.9 mg/ml in a final volume of 100 µl. Crystal trials were 

set up by Phoenix robot using the sitting drop method (400 nl) with the PACT premier 

HT-96 and JCSG plus HT-96 screens (Molecular Dimensions). Plates were incubated at 

20oC for four weeks. Many crystalline precipitations were observed in JCSG plate but 

unfortunately, they were not big enough for structural studies (Figure 3.3C). These 

conditions need further optimisation in order to produce a good quality crystal for 

structure elucidation but given the disordered nature of RGC-32 we reasoned that it was 

unlikely to crystallise it in the absence of a binding partner that may promote its folding.  

3.3 Can RGC-32 bind directly to the mitotic kinase CDK1? 

Studies by other groups and experiments carried out in our laboratory demonstrated the 

ability of RGC-32 to bind to CDK1. However, all these studies were performed using 

whole cell lysates, which leaves a possibility that this interaction may be mediated by 

another protein. Interestingly, RGC-32 did not pull-down cyclin B1 in the studies in our 

laboratory using GST-RGC-32 incubated with B cell lysates (Dr Lina Chen). Therefore, 

to investigate whether RGC-32 binds directly to CDK1, but perhaps not to CDK1-Cyclin 

B complex, surface plasmon resonance (SPR) experiments were carried out by Prof. Jane 

Endicott (Newcastle University). This technique detects the changes in the refractive 

index due to a change in mass at the surface to which a bait protein is coupled. To carry 

out these experiments, recombinant untagged RGC-32 protein was expressed and purified 

from E.coli as described earlier. CDK1, CDK1-Cyclin B both GST-tagged and un-tagged 

and Cyclin H proteins were purified by the Endicott lab (Newcastle University), however, 

the evidence of the purified proteins and their activity was not available to us and these 

experiments would have been better controlled if they were presented.  
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Figure 3.4 Purification of RGC-32 for interaction studies. 
(A) Elution profile of GST-cleaved RGC-32 from S75 16/600 size exclusion column pre-
equilibrated in 20 mM Hepes pH 7.4, 300 mM NaCl, 10 mM MgCl2, 0.01% Tween 20, 0.5 mM 
TCEP. (B) Coomassie stained gel shows samples from gel filtration separated on 10-20% 
NuPAGE Novex Tris-Glycine gel (Invitrogen). 
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Figure 3.4A shows the elution profile of untagged RGC-32 from SEC. When elution 

fractions were analysed by SDS PAGE, an additional protein running ~48 kDa was also 

observed partially overlapping the RGC-32 peak. This could be 3C PreScission Protease 

that has a molecular weight of 46 kDa because of excessive amount added to the protein 

during GST-tag cleavage (Figure 3.4B). Due to the presence of contamination in the 

initial fractions of GST-RGC-32, only fractions C4-C7 were concentrated and used for 

interaction studies. For SPR studies, 10 µM of anti-GST antibody was immobilised on a 

sensor chip (Biacore) and binding of untagged RGC-32 to GST-CDK1 and GST-CDK1-

Cyclin B (bait) was studied by coupling the bait proteins to GST antibody on the sensor 

chip. Binding of Cks1 was used as a positive control since it is a known binding partner 

of CDK1 (Hayles et al., 1986). Previous structural studies have shown that Cks1 binds to 

both CDK1 and CDK1-Cyclin B complex (Patra and Dunphy, 1998) making it a good 

positive control for both. Cks1 and untagged RGC-32 were flowed over the chip at a 

range of concentrations. The highest concentration of Cks1 and RGC-32 used was 4000 

nM followed by 4-fold dilutions (15.6 nM to 4000 nM). As shown in Figure 3.5 (A & 

B), Cks1 binds to GST-CDK1 and GST-CDK1-Cyclin B with fast association and 

dissociation rate. The KD determined for Cks1 binding with both CDK1 and CDK1-

Cyclin B was 12.1 nM and 11.3 nM respectively. The binding affinity of Cks1 to CDK1 

was found to be similar to the previously reported binding affinity of Cks1 to CDK2 (77 

nM) (Bourne et al., 1996). For RGC-32, although concentration-dependent binding was 

observed for both CDK1 and the CDK1-Cyclin B complex, the binding did not reach 

saturation and dissociation was very slow. This meant the dissociation constant 

determined could be inaccurate. The KD for binding of RGC-32 to CDK1 and CDK1-  
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Figure 3.5 Surface Plasmon resonance analysis of CDK1 and CDK1-Cyclin B binding to 
Cks1 and RGC-32. 
Representative graphs showing the interaction curves obtained with increasing concentration of 
analyte, (A & B) Cks1 and (C & D) RGC-32. Results shown are representative of two independent 
experiments. Untagged RGC-32 was purified by me and SPR studies were performed by Prof. 
Jane Endicott group (Newcastle University). 
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Cyclin B was estimated to be ~400 nM and ~80 nM respectively (Figure 3.5C & D). 

Therefore, it seems that the presence of cyclin B enhances the interaction of RGC-32 with 

CDK1. To further validate the binding observed was not a result of surface dependent 

changes to the protein (bait) due to immobilisation on the sensor chip, SPR studies were 

repeated by swapping the bait and analyte. Recombinant GST-RGC-32 was expressed 

and purified from E.coli using Glutathione beads as described earlier. Beads were washed 

with high salt wash buffer followed by low salt to remove non-specifically bound 

proteins. Bound GST-RGC-32 was eluted from the beads with elution buffer (20 mM 

HEPES pH7.5, 500 mM NaCl and 20 mM L-Glutathione) followed by removal of L-

Glutathione using a desalting column. GST-RGC-32 was eluted, concentrated and 

injected onto an S200 16/600 SEC column. Figure 3.6A shows the elution profile of 

GST-RGC-32. Fractions were analysed by SDS-PAGE and fractions C8-D3 were 

concentrated and used as bait for interaction studies (Figure 3.6B). Purified CDK1, 

CDK1-Cyclin B and cyclin H (analyte) were flowed over the chip in separate reactions 

using increasing concentrations (40 nM to 5000 nM). Cyclin H was included as a negative 

control for the experiment. As observed in Figure 3.7, the binding of CDK1 to GST-

RGC-32 increased with increasing concentration of the injected protein. The association 

and dissociation were again found to be slow for this interaction (Figure 3.7A). On the 

other hand, CDK1-Cyclin B and Cyclin H showed no evidence of interaction even at the 

highest concentration (Figure 3.7B & C). This contradicts with our previous observation 

of interaction between RGC-32 and CDK1 to be enhanced in the presence of cyclin B. 

However, we did not have a positive control (e.g. GST-Cks1) for binding of CDK1-

Cyclin B due to which we could not prove that the complex was functional or shows clear  
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Figure 3.6 Purification of GST-RGC-32 for interaction studies. 
(A) Elution profile of GST-RGC-32 from S200 16/600 size exclusion chromatography (SEC) 
eluted in 20 mM Hepes pH 7.4, 300 mM NaCl, 10 mM MgCl2, 0.01% Tween 20, 0.5 mM TCEP. 
(B) Coomassie stained gel showing purified GST-RGC-32 in fractions C8-D3 from the SEC. 
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Figure 3.7 Surface Plasmon resonance analysis of RGC-32 binding to CDK1, CDK1-Cyclin 
B and Cyclin H. 
Representative graphs showing the interaction curves obtained with increasing concentration of 
analyte, (A) CDK1 (B) CDK1-Cyclin B and (C) Cyclin H. Results shown are representative of 
two independent experiments. GST-RGC-32 was purified by me and SPR studies were 
performed by Prof. Jane Endicott group (Newcastle University).  
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binding to a bait in SPR. Therefore, we could not make any secure conclusions about the 

ability of RGC-32 to bind to CDK1-Cyclin B from these SPR studies. Since SPR did not 

allow us to properly study the interaction between RGC-32 and CDK1 or CDK1-Cyclin 

B, we used an alternative technique, MicroScale Thermophoresis (MST). In MST, one of 

the molecules under study is fluorescently labelled and its rate of movement across a 

temperature gradient is measured in the presence of different concentrations of an 

unlabelled partner protein. The rate of movement depends on several factors such as size, 

charge and confirmation of the molecule. Purified CDK1 and CDK1-Cyclin B complex 

were provided to us by Prof. Jane Endicott for use in MST (Newcastle University). 

Untagged RGC-32 was purified as described earlier (Figure 3.8A) and covalently 

labelled with the fluorescent dye NT-647 NHS. Both CDK1 and CDK1-Cyclin B were 

titrated to achieve a gradient starting with the highest concentration (38.1 µM to 0.00116 

µM) and (8.49 µM to 0.000259 µM) respectively. Each dilution series was incubated with 

50 nM of labelled RGC-32. Figure 3.8 shows the binding curves for RGC-32 obtained 

using CDK1 and CDK1-Cyclin B respectively. The KD determined for CDK1 was 7.4 ± 

4.7 µM and for CDK1-Cyclin B was 5.9 ± 7.3 nM. These values confirm the initial SPR 

results that RGC-32 binds to the CDK1-Cyclin B complex with higher affinity than 

CDK1 alone. In order to confirm that the interaction between RGC-32 and CDK1-Cyclin 

B complex was specific, we examined the binding of RGC-32 to CDK2-Cyclin A 

complex using MST. The purified CDK2-Cyclin A complex was titrated (4.25 µM to 

0.00104 µM) against fluorescently labelled RGC-32 (50 nM) (Figure 3.9A). No 

significant change in fluorescence was observed in the thermophoretic signal of RGC-32 

even at high concentrations of CDK2-Cyclin A complex (Figure 3.9B). Therefore, these   
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Figure 3.8 Microscale thermophoresis analysis of CDK1 and pCDK1-Cyclin B binding to RGC-
32. 
(A) Coomassie stained gel showing the purified RGC-32, CDK1 and pCDK1-Cyclin B complex used 
for analysis. Graphs showing the change in thermophoretic signal upon binding of CDK1 (B) and 
pCDK1-Cyclin B (C) to 50 nM of fluorescently labelled (NT647NHS) RGC-32. Results show the 
mean of three independent experiments ± standard deviation.  
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  Figure 3.9 Microscale thermophoresis analysis of pCDK2-Cyclin A binding to 
RGC-32. 
(A) Coomassie stained gel showing the purified pCDK2-Cyclin A used for analysis. (B) 
Graph showing no change in thermophoretic signal upon binding of pCDK2-Cyclin A to 
50 nM of fluorescently labelled (NT647NHS) RGC-32. Therefore, the data is represented 
as Fnorm [0/00]. 
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data confirms previous studies that RGC-32 does not interact with CDK2-Cyclin A but 

has specificity towards CDK1 (Badea et al., 2002). Overall, both SPR and MST studies 

provided us with evidence that RGC-32 can directly bind to CDK1. However, SPR could 

not accurately determine the KDs of the interaction and surprisingly, MST gave us a 1000-

fold difference in KD values. Therefore, the interaction of RGC-32 with CDK1 +/- Cyclin 

B needed further characterization using an established Homogenous Time-Resolved 

Fluorescence (HTRF) assay set up by the Endicott-Noble laboratory. This technique 

exploits Fluorescence Resonance Energy Transfer (FRET) signal with time-resolved 

measurement of fluorescence. In this technique, fluorescent antibodies are used against 

the tag of each protein thereby making a ‘sandwich’ assay. The interaction between the 

two proteins is then measured by fluorescence as a result of energy transfer between both 

the proteins upon excitation. The time-resolved measurement of fluorescence allows 

elimination of transient background signal. In order to perform this assay, we expressed 

and purified good quality FLAG tagged-RGC-32 by cloning into a GST expression vector 

(pGEX6P3, Appendix 7.8). However, due to time constraints and delays with our 

collaborators, these experiments were never completed.  

3.4 Expression and purification of chicken Spc24-25 and human 
Spc24-25 kinetochore subunits 

During the course of this study, a tertiary structure prediction program identified 

similarity between the 3rd α-helix of RGC-32 and a receptor motif in the N-terminus of a 

histone-fold protein CNN-1 from budding yeast. These regions showed 37% sequence 

identity using HHpred but some key interacting residues were conserved (Figure 3.10).  

CNN-1 acts as a centromere receptor for the binding of the NDC80 complex which is a 

crucial microtubule binding component of the kinetochore and is known to be 
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evolutionarily conserved across species (Schleiffer et al., 2012). The CNN-1 receptor 

motif binds to the Spc24-25 heterodimer of NDC80 complex as a ‘molecular hook’ which 

securely tethers the NDC80 complex to the inner kinetochore. This interaction was found 

to be crucial for connecting the microtubules to the centromere thereby allowing proper 

segregation of chromosomes. The interaction between CNN-1 and Spc24-25 requires 

three hydrophobic residues F69, L70, and L73 in CNN-1 which binds in the hydrophobic 

pocket of the Spc24-25 globular domain (Malvezzi et al., 2013). Interestingly, out of 

these three hydrophobic residues, two were conserved and one was found to be similar at 

the corresponding positions in the 3rd α-helical region of RGC-32 (F106, I107 and L110). 

Preliminary studies were performed by Dr Lina Chen in our laboratory to investigate 

whether RGC-32 binds to Spc24. She found that RGC-32 was able to pull-down Spc24 

from B cell lysates indicating the ability of RGC-32 to interact with Spc24 subunit of 

kinetochore (unpublished data). 
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Figure 3.10 Sequence alignment of RGC-32 and CNN-1. 
The sequence alignment showed 37% identity using HHpred. RGC-32 has two conserved and one 
similar hydrophobic residue to CNN-1 which is required for Spc24-25 interactions. The residues 
are marked with blue arrows (Malvezzi et al., 2013). 
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Therefore, based on this preliminary result, we set out to characterise the interaction of 

RGC-32 with the kinetochore proteins Spc24 and Spc25. Dr Chris Prodromou 

(University of Sussex) kindly provided us with the recombinant constructs for both 

chicken and human Spc24-25. Since the sequence of Spc24 and Spc25 globular domains 

is highly conserved between chicken and human with a sequence identity of ~60% 

(Figure 3.11), we decided to pursue the experiments using Spc24-25 heterodimers from 

both the species to increase the likelihood of being able to purify recombinant proteins 

for our studies. Structurally, chicken and human Spc24-Spc25 are highly conserved 

(Malvezzi et al., 2013, Nishino et al., 2013). Chicken Spc24(125-195 aa) and human 

Spc24(121-197 aa) were cloned separately into a His6-tag expression vector (p2E) and 

chicken Spc25(132-234 aa) and human Spc25(123-224 aa) were cloned separately into a 2X-

Strep-His6-tag expression vector (pET28b) by the Prodromou laboratory (University of 

Sussex). The regions cloned for recombinant protein purification consisted of the globular 

domains of Spc24-25 as these regions have been previously expressed from chicken and 

human for interaction studies with CENP-T proteins (homolog of CNN-1) (Nishino et 

al., 2013) (Figure 3.12A). Purification of these four recombinant proteins was carried 

out by the Prodromou laboratory (University of Sussex) but the proteins were insoluble, 

with most protein found in the pellet. Therefore, in order to improve solubility, I sub-

cloned the globular domains into an N-terminal GST-tag expression vector (p3E). This is 

because GST-tagged proteins often have improved solubility and stability (Zhou and 

Wagner, 2010). A solubility test was carried out by expressing recombinant GST-tagged  
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Figure 3.11 Sequence alignment of Spc24 and Spc25 globular domains. 
Sequence alignment of (A) Spc24 and (B) Spc25 globular domains from human and chicken showing 
~60% identity using Clustal Omega. 
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Figure 3.12 Testing the solubility of recombinant Chicken Spc24-25 and Human Spc24-25 globular 
domains.  
(A) Schematic diagram of Chicken Spc24 and Spc25. The globular domains used for interaction studies 
are boxed. (B-E) Coomassie stained gel showing solubility of GST-Chicken Spc24, GST-Chicken Spc25, 
GST-Human Spc24 and GST-Human Spc25 proteins respectively with and without detergent in the lysis 
buffer. Uninduced samples are denoted as UI. 
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chicken (Spc24 & Spc25) and human (Spc24 & Spc25) proteins in E.coli. The cell pellets 

were lysed in buffer with and without detergent (NP-40). Both insoluble and soluble 

fractions of uninduced and induced (0.8 mM IPTG) samples were analysed by SDS-

PAGE (Figure 3.12B-E). The presence of the GST tag led to the improved expression of 

the proteins overall. The solubility of chicken Scp24 and Spc25 was increased when 

detergent was present in the lysis buffer (Figure 3.12 B and C), but both human proteins 

were poorly soluble even in the presence of detergent (Figure 3.12 D and E). As Spc24 

and Spc25 subunits are known to form heterodimers within the NDC80 complex (Figure 

1.4), we tested whether co-expression of these proteins could further improve their overall 

solubility. Following protein expression, cells were lysed in buffer with and without 

detergent (NP-40) and insoluble and soluble fractions were analysed by SDS-PAGE. We 

observed improved solubility when they were co-expressed particularly in the presence 

of detergent (Figure 3.13). In fact, co-expression improved the solubility of Spc25 even 

in the absence of detergent. We next purified the chicken Spc24-25 heterodimer on a 

larger scale (2 liters) to obtain recombinant proteins for interaction studies. The cells were 

lysed in lysis buffer and Glutathione-affinity purification was performed. Following 

binding, beads were extensively washed with high salt and low salt wash buffers to 

remove the non-specifically bound proteins and the GST-tag was cleaved on beads with 

3C Prescission protease. The cleaved chicken Spc24-25 protein was concentrated and 

applied to a S75 16/600 SEC in order to remove any contaminants. Figure 3.14A shows 

the elution profile of the chicken Spc24-25 heterodimer from SEC. Fractions obtained 

from all peaks were analysed by SDS PAGE. Both Spc24 and Spc25 eluted in the same 

fractions indicating their association as a dimer (Figure 3.14B).  
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Figure 3.13 Co-expression of recombinant Chicken Spc24-25 and Human Spc24-25 
globular domains. 
(A) & (B) Coomassie stained gels showing solubility of co-expressed Chicken Spc24-25 
and Human Spc24-25 proteins respectively with and without detergent in the lysis buffer. 
Uninduced sample is denoted as UI. 
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Figure 3.14 Large scale purification of recombinant Chicken Spc24-25 globular domains. 
(A) Elution profile of GST-cleaved Chicken Spc24-25 from S75 16/600 size exclusion column 
pre-equilibrated in 50 mM Tris-HCL pH7.5, 150 mM NaCl, 0.5mM TCEP showing two 
distinct peaks. (B) Coomassie stained gel showing samples from the size exclusion column. 
Both Spc24 and Spc25 subunits eluted together as a complex.  
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The first large peak contained free GST protein in addition to Spc24-25 whereas the 

second larger peak contained pure Spc24-25 protein. Therefore, fractions C8 to D4 

containing only Spc24 and Spc25 from the second peak were concentrated and stored at 

-80oC for interaction studies. Next, the recombinant human Spc24-25 heterodimer was 

purified on a larger scale following the same protocol (Figure 3.15A). Fractions from 

both major peaks were analysed by SDS-PAGE. Again, most of the fractions from the 

first large peak had GST protein as a contaminant whereas the 2nd smaller peak did not 

have any Spc24 protein and contained only Spc25. Therefore, these proteins were not 

used for interaction studies (Figure 3.15B).   

3.5 Can RGC-32 interact directly with Spc24-25? 

To test whether RGC-32 interacted with the Spc24-25 heterodimers, MST studies were 

performed using the purified chicken Spc24-25 and untagged RGC-32 (Figure 3.16A). 

The chicken Spc24-25 heterodimer (ligand) was titrated (50 µM to 0.0061 µM) against a 

constant amount of fluorescently labelled RGC-32 (50 nM). A change in thermophoretic 

signal of RGC-32 was observed with increasing concentration of ligand indicating an 

interaction between RGC-32 and the Spc24-25 heterodimer. The KD of the interaction 

was determined to be 152 ± 41 nM suggesting that the interaction between these proteins 

to be of high affinity (Figure 3.16B). As we were unable to perform MST studies using 

human Spc24-25 and the interaction studies that were carried out using purified proteins 

used only the globular domains of chicken Spc24-25, we investigated whether RGC-32 

was able to bind to the human Spc24-25 dimer in vivo. EBV-negative Burkitt’s lymphoma 

(DG75) cells were transiently transfected with a mammalian expression plasmid 

expressing GFP-RGC-32 (pEGFP-C3-RGC-32) or the empty vector (pEGFP-C3). The  
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 Figure 3.15 Large scale purification of recombinant Human Spc24-25 globular domains. 
(A) Elution profile of GST-cleaved Human Spc24-25 from S75 10/300 size exclusion column 
pre-equilibrated in 50 mM Tris-HCL pH7.5, 150 mM NaCl, 0.5mM TCEP. (B) Coomassie 
stained gel showing samples from the size exclusion column. Fractions B3-B7 show purified 
human Spc24-25, but only fraction B7 has no higher molecular weight contaminants.  
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Figure 3.16 Microscale Thermophoresis analysis of Chicken Spc24-25 globular domain 
binding to RGC-32 
(A) Coomassie stained gel showing purified Chicken Spc24-25 and RGC-32 proteins used 
for analysis. (B) Graph showing the change in thermophoretic signal upon binding of Chicken 
Spc24-25 to 50 nM of fluorescently labelled (NT647NHS) RGC-32. Results shown are the 
mean of three independent experiments ± standard deviation.  
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transfection efficiency was monitored by flow cytometry 48 hour post-transfection and 

was found to be approximately 16% for GFP control and 4% for GFP-RGC-32 (Figure 

3.17A). The low transfection efficiency for eGFP-RGC-32 could be due to cell death as 

a result of RGC-32 expression. The cell lysate was incubated with GFP-trap M beads 

(Chromotek) to precipitate RGC-32 and any associated proteins. Immunocomplexes were 

analysed by western blotting. PLK1 was used as a positive control in this study as it has 

been shown to bind to RGC-32 previously (Saigusa et al., 2007). Overexpression of 

eGFP-RGC-32 was also verified by western blot (Figure 3.17B). Immunoblots detected 

precipitation of PLK1 by RGC-32 as expected and GFP-RGC-32 also precipitated Spc25 

(Figure 3.17C). However, Spc24 was precipitated to the same extent by GFP-RGC-32 

and GFP control beads indicating no detectable specific interaction (Figure 3.17C). As 

the transfection efficiency was low in B cells, we decided to use another cell line that can 

be more easily transfected. We first performed western blotting to test the expression of 

endogenous RGC-32 in adherent cell lines from different backgrounds- HEK 293, HeLa 

and U2OS and found that the protein was not expressed in any of these cell lines (Figure 

3.18A). We chose to use HEK 293 cells and these cells were transiently transfected with 

empty pEGFP-C3 and pEGFP-C3-RGC-32 plasmids. Immunoprecipitation was carried 

out using GFP-trap M beads. CDK1 was used as a positive control for an RGC-32 

interacting protein in these experiments (Badea et al., 2002, Schlick et al., 2011). 

Immunoblots showed that eGFP-RGC-32 efficiently pulled down CDK1, Spc24 and 

Spc25 (Figure 3.18B). This confirmed that the human Spc24-25 dimer interacts with 

RGC-32. However, due to the absence of a negative control for RGC-32 binding in 

immunoprecipitation studies, an extended investigation with mutating the three residues  
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Figure 3.17 The interaction of RGC-32 with Spc24 and Spc25 by immunoprecipitation 
studies in EBV-negative B cells (DG75). 
(A) Flow cytometry analysis of GFP positive cells used to determine transfection efficiency. (B) 
Western blot analysis showing overexpression of RGC-32 in DG75 cells using antibodies 
specific to RGC-32 (C) Western blot analysis of the interaction of RGC-32 with PLK1, Spc24 
and Spc25 using specific antibodies (See Appendix 7.1 & 7.2). Actin was used as a loading 
control. In blot (C) Input (DG75) and BJAB lysate were used as a control for PLK1, Spc24 and 
Spc24 expression. * Non-specific bands. 
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Figure 3.18 The interaction of RGC-32 with Spc24 and Spc25 by 
immunoprecipitation studies in Human embryonic kidney cells (HEK 293). 
(A) Western blot analysis for RGC-32 protein expression in EBV-infected Latency III B-
cell (Mutu III) and a panel of adherent cell lines. (B) Western blot analysis for interaction 
of RGC-32 with CDK1, Spc24 and Spc25 in HEK 293 using specific antibodies (See 
Appendix 7.1 and 7.2). Actin was used as a loading control. BJAB lysate was used as a 
control for CDK1, Spc24 and Spc25 expression.  
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in 3rd α-helical region of RGC-32 would be required prior to publication. Therefore, 

taken together our MST studies and preliminary in vivo interaction studies indicate that 

RGC-32 can associate with Spc24-25. 

3.6 Discussion 

This chapter focused on the interaction of RGC-32 with different proteins involved in 

cell cycle regulation. Secondary structure prediction for RGC-32 by JPRED showed that 

RGC-32 is mostly unstructured apart from three predicted α-helices. The presence of a 

long coiled-coil region between the α-2 and α-3 helices suggests the protein could be 

intrinsically disordered. When RGC-32 was purified for structural studies, the elution 

profile from SEC suggested RGC-32 to run as a higher molecular weight species (Figure 

3.3B). It could be possible that RGC-32 forms a dimer or trimer in vitro. This unusual 

behaviour of the protein could be possible due to two reasons; firstly, RGC-32 has only 

one cysteine residue. Cysteine residues are involved in formation of disulfide bonds 

which are often crucial for protein folding and stability. However, free cysteine residues 

can cause unwanted intramolecular disulfide bonds resulting in oligomerisation (Trivedi 

et al., 2009). Secondly, RGC-32 protein is highly disordered which makes it an elongated 

molecule and susceptible to aggregation. It remains to be tested whether RGC-32 forms 

higher order oligomers in vivo and structural studies would be useful here. Our attempts 

to obtain crystals for X-ray diffraction were however unsuccessful (Figure 3.3C). This 

could again be explained by the fact that RGC-32 protein is likely to be highly disordered 

(54%) which makes it very challenging to crystallise the protein in its apo-state. A better 

strategy would be to co-crystallise RGC-32 with a binding partner, perhaps CDK1, as 

unstructured proteins such as RGC-32 tend to fold upon binding to another protein 

allowing them to attain a structure and aiding their crystallisation. 
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Initial pull-down studies in our laboratory using B cell lysates showed GST-RGC-32 

precipitated CDK1 but not cyclin B. This led us to investigate whether RGC-32 competes 

with cyclin B for CDK1 binding. SPR studies in collaboration with Prof. Jane Endicott 

(Newcastle University) provided the first evidence that RGC-32 could bind directly to 

CDK1, however, it bound to CDK1-Cyclin B with higher affinity (Figure 3.5C & D). 

The binding kinetics of RGC-32 to CDK1 and CDK1-CyclinB were different to that of 

Cks1 (positive control) as it showed slow association and dissociation (Figure 3.5A & 

B). The slow binding kinetics suggest a folding-upon-binding mechanism for RGC-32, 

which might be possible due to its high degree of disorder. The interaction of RGC-32 

with CDK1 and CDK1-Cyclin B was further confirmed using another biophysical 

technique, Microscale thermophoresis (MST) (Figure 3.8). Thus confirming a clear role 

of cyclin B in the interaction between RGC-32 and CDK1 and ruling out the possibility 

of RGC-32 competing with cyclin B as we had initially hypothesised. Moreover, RGC-

32 was unable to bind CDK2-Cyclin A using MST studies confirming the previous 

studies about specificity of RGC-32 towards CDK1 (Figure 3.9) (Badea et al., 2002). A 

possible explanation for this specific binding could be structural differences in the CDK1-

Cyclin B and CDK2-Cyclin A complex (Figure 1.3A & B). The crystal structure of 

human CDK1-Cyclin B (PDB 4YC3) shows CDK1 to make fewer interactions with 

cyclin B as compared to CDK2-Cyclin A (PDB 1FIN). Moreover, the activation segment 

of CDK1 which provides a surface for peptide substrate recognition has a disordered 

region after binding to cyclin B. This region requires considerable rearrangement for 

substrate recognition by CDK1 as compared to the CDK2 activation segment that requires 

little rearrangement (Jeffrey et al., 1995, Brown et al., 2015). As the CDK1-Cyclin B 

complex is not tightly closed, it may provide a surface for RGC-32 binding which CDK2-
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Cyclin A does not. Thus binding of RGC-32 to CDK1 may aid substrate recognition by 

rearranging the activation segment. Additionally, binding of cyclin B to CDK1 might 

create allosteric effects that assist in RGC-32 binding to CDK1 with a higher affinity. 

Preliminary studies in our laboratory identified Spc24 as a potential binding partner of 

RGC-32. In this work we showed that RGC-32 can directly bind to chicken Spc24-25 

globular domains with high affinity by MST studies, indicating a specific interaction 

between the two partner proteins (Figure 3.16). Immunoprecipitation assays in HEK 293 

cells further confirmed the binding of RGC-32 to the Spc24-25 heterodimer (Figure 3.17 

& 3.18). As mentioned earlier, the interaction of CNN-1 with Spc24-25 is dependent on 

the presence of hydrophobic residues (F69, L70, and L73) (Figure 3.19A). To determine 

whether the conserved residues of RGC-32 (F106, I107 and L110) are involved in this 

interaction similar to CNN-1, we generated a tertiary model for RGC-32. The RGC-32 

model formed a three-helix bundle and the 3rd α-helix showed similarity to the N-terminal 

receptor motif of CNN-1. The model also showed that the α-helix of RGC-32 and the 

conserved residues occupies similar position to CNN-1 and buries nicely onto other 

hydrophobic residues from Spc24-25 (Figure 3.19B & C). Mutation analysis of each of 

the conserved residues (F106, I107 and L110), as well as a cumulative mutation of all the 

three residues of RGC-32, will need to be carried out to properly test this model. 

Interaction of RGC-32 with PLK1 has been well documented by pull-down studies 

(Saigusa et al., 2007). This observation was further confirmed by using pull-down assays 

in our laboratory showing RGC-32 to precipitate PLK1 from B cell lysates (Dr Lina 

Chen). 
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Figure 3.19 Structural model substituting CNN-1 N-terminal receptor with the ⍺-helix of RGC-
32. 
(A) Structure of the CNN-1-Spc24-25 complex (PDB 4GEQ) coloured in pale yellow, cyan and green 
respectively. Residues involved in interaction are shown with arrows (Malvezzi et al., 2013). (B) 
Modelled RGC-32 residues form an 𝛂-helix (red) similar to CNN-1 and can be superimposed on to 
the CNN-1 in the CNN-1-Spc24-25 tertiary complex. The 𝛂-helix of RGC-32 and the three residues 
(F106, I107 and L110) occupies a similar position to CNN-1. (C) Model showing a zoom-in of the 
potential interacting amino acid residues of Spc24 (cyan) and Spc25 (blue) in close proximity to the 
conserved amino acid residues in the third helix of RGC32 (F106, I107 and L110). The RGC-32 
model was generated using RaptorX structure prediction.  
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PLK1 is a crucial regulator of mitosis and its activity at kinetochores is reported for stable 

attachment of kinetochores to microtubules (Liu et al., 2012). As RGC-32 bind to and is 

phosphorylated by PLK1 it will be interesting to examine how the interaction of RGC-32 

with Spc24-25 kinetochore subunit affects the activity of PLK1 at the kinetochore. 

Understanding the molecular details of RGC-32 interaction with Spc24-25 will also allow 

us to address the role of RGC-32 at the kinetochores for example by testing if mutation 

of key interacting residues abrogates PLK1 mediated stabilisation of kinetochore-

microtubule attachments.   

Overall, this chapter provides an insight into the molecular functions of RGC-32. We 

showed the binding of RGC-32 with two different proteins from the cell cycle machinery. 

This provides further evidence for a role for RGC-32 in regulating the cell cycle 

specifically at the G2/M transition and mitosis as CDK1 and Spc24-25 are active during 

these phases. The role of cyclin B in the interaction of RGC-32 with CDK1 would be 

interesting to pursue as a future piece of research. Important aspects of RGC-32 function 

can further be revealed by co-crystallising RGC-32 with CDK1-Cyclin B. Additionally, 

mutational analysis and co-localisation studies by imaging could be carried out to probe 

whether RGC-32 localises at the centromeres and the underlying mechanism of 

interaction with Spc24-25 heterodimer.  
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4 Functional analysis of RGC-32 

4.1 Introduction 

RGC-32 mRNA is ubiquitously expressed in most tissues including brain, bladder, colon, 

heart, kidney, lung, breast and pancreas. Previous research has reported that RGC-32 

mRNA is also upregulated in numerous cancers (Fosbrink et al., 2005) and the RGC-32 

protein appears to play an important role in cell cycle regulation. This was first 

demonstrated by Badea et al. who identified the role of RGC-32 in promoting progression 

of the cell cycle in rat oligodendrocytes (Badea et al., 1998). The group later reported 

expression of RGC-32 to promote S-phase and M-phase entry of G1 arrested human 

aortic smooth muscle cells (Badea et al., 2002). Moreover, siRNA knockdown of 

endogenous RGC-32 in human endothelial cells showed sub-lytic complement C5b-9 and 

growth factor induced cell proliferation to be abolished and CDK1 activation to be 

reduced. These data indicate a role of RGC-32 in C5b-9 induced cell cycle activation 

(Fosbrink et al., 2009). Conversely, knockdown of RGC-32 showed an opposite effect 

on cell cycle in T-cells. The proliferative rate of CD4+ T-cells from RGC-32 knockout 

mice was higher than in wild type mice. This suggests that RGC-32 may have different 

roles in regulating the cell cycle based on the cell type involved (Tegla et al., 2015).  

Previous studies performed in our laboratory to investigate the effect of EBV on cellular 

genes identified RGC-32 protein to be upregulated in EBV-infected Latency III cell lines 

(which express all latent genes). Interestingly, RGC-32 protein was not detectable in 

EBV-negative B cells and EBV-infected Latency I cell lines (which express only 

EBNA1). Cell cycle regulation by RGC-32 in B cells was investigated by stably 

expressing RGC-32 in EBV-negative B cells. Induction of RGC-32 expression in 

etoposide-treated cells led to G2/M checkpoint disruption. This demonstrated that RGC-
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32 expression can disrupt cell cycle arrest in B cells (Schlick et al., 2011). Therefore, in 

this chapter, we set out to further investigate the role of RGC-32 in the G2/M transition 

and mitosis and to examine its role in promoting the growth and proliferation of EBV-

infected B cells.   

4.2 Subcellular localization of RGC-32 during Mitosis 

Previous studies in U-87 MG cells (a glioma cell line) showed that ectopically expressed 

RGC-32 protein was localized in the cytoplasm during interphase. Progression of these 

cells into prophase led to an increased RGC-32 signal at the centrosomes and spindle 

poles with the strongest signal observed during prometaphase and metaphase (Saigusa et 

al., 2007).  

PLK1 is also known to accumulate at the centromere and kinetochores during 

prometaphase and provide stabilisation of the initial kinetochore-microtubule attachment 

for error-free chromosome alignment (Lenart et al., 2007, Liu et al., 2012). Since, we 

observed a direct interaction of RGC-32 with Spc24-25 heterodimer in chapter 3 (Figure 

3.17B) and RGC-32 binds to PLK1, it was important for us to investigate whether RGC-

32 localised at the kinetochores and perhaps plays a role in the recruitment or activity of 

PLK1 at kinetochores. To do this, HeLa cells were transiently transfected with plasmids 

expressing GFP-RGC-32 (pEGFP-C3-RGC-32) and mCherry-CENP-A (mCherry-

CENP-A). CENP-A is a Histone 3 (H3) variant that replaces the conventional H3 at the 

centromeric chromatin at the inner plate of the kinetochore. Time-lapse imaging showed 

RGC-32 to localise in the cytoplasm during interphase and translocate to the nucleus 

during prophase (Figure 4.1A) which is consistent with the data previously published by 

the Inazawa group (Saigusa et al., 2007). However, it was not clear whether RGC-32 co-
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localises with the kinetochore because CENP-A did not localise to the kinetochores but 

marked the entire chromosome making it difficult to study co-localisation of these 

proteins.  

As the percentage of mitotic cells is very low (~10%) in an asynchronous population at 

any given point of time, we wanted to enrich the mitotic population for localisation 

studies. Therefore, HeLa cdk1as (analogue sensitive) cells were used in subsequent 

studies as these cells can be arrested in G2 by specifically inhibiting CDK1 activity. The 

HeLa cdk1as cell line (provided by Dr W.C. Earnshaw’s laboratory) was generated by 

replacing endogenous CDK1 with analogue-sensitive Xenopus laevis cdk1as. CDK1as 

can be specifically inhibited by the bulky ATP analogue 1NM-PP1 as it has an F80G 

mutation in its active site which generates a pocket-like structure for bulky ATP analogue 

1NM-PP1 binding (Gravells et al., 2013). HeLa cdk1as cells were transiently transfected 

with pEGFP-C3-RGC-32 and mCherry-CENP-A. Transfected cells were arrested in G2 

using 1NM-PP1 (1 µM). After 16 hours, the drug was washed off to release the cells into 

medium containing the proteasome inhibitor MG132 (25 µM) to stop the cells from 

exiting mitosis by preventing the degradation of cyclin B1 and other ubiquitin-conjugated 

proteins. Time-lapse imaging showed the RGC-32 protein signal to be higher at the 

spindle poles. However, it was not clear whether it localised at the kinetochore as CENP-

A had again localised to the entire chromosome (Figure 4.1B).  
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Figure 4.1 The localisation of RGC-32 in HeLa cells during mitosis. 
(A) Selected frames of video from HeLa cells transiently expressing mCherry-CENP-A (red) 
and eGFP-RGC-32 (green). Channels were merged to study the co-localization of CENP-A 
and RGC-32. The time (in minutes) from the first image captured is shown on left side of each 
image. (B) HeLa cdk1as cells transiently expressing mCherry-CENP-A (red) and eGFP-RGC-
32 (green) were arrested in G2 using an ATP analogue CDK1 inhibitor, 1NM-PP1 (1 µM) for 
16 hours followed by washing off the drug to release the cells in media containing proteasome 
inhibitor MG132 (25 µM) to block mitotic exit. Images were captured using an Olympus IX73 
microscope. Scale bar: 10 µM. 
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In the absence of another available kinetochore marker and time constraints, we did not 

pursue the potential kinetochore function of RGC-32 any further. 

From the initial localisation studies, it appeared that RGC-32 translocated to the nucleus 

during mitosis in a similar manner to cyclin B. It has been previously reported that 

activation of cyclin B takes place in the cytoplasm followed by its translocation to the 

nucleus during late prophase just before the breakdown of the nuclear envelope (Pines 

and Hunter, 1991). This translocation is dependent on phosphorylation on serine residues 

in the cytoplasmic retention sequence (CRS). Additionally, PLK1 mediated 

phosphorylation of cyclin B on Ser133 and Ser147 in the nuclear export signal (NES) 

leads to nuclear translocation of cyclin B (Toyoshima-Morimoto et al., 2001). 

Since initial localisation studies suggested similarity between RGC-32 and cyclin B in 

their nuclear translocation behaviour, we performed temporal studies in order to 

investigate the exact timing of RGC-32 nuclear entry during mitosis. For this, HeLa 

cdk1as Cyclin B-RFP cells expressing endogenous mCherry-cyclin B (generated by the 

Hochegger laboratory, University of Sussex) were transiently transfected with pEGFP-

C3-RGC-32. The HeLa cdk1as cyclin B-RFP cells were arrested in G2 phase using 1NM-

PP1 (1 µM). After 16 hours, the drug was washed off into medium containing proteasome 

inhibitor MG132 (25 µM) to stop cells from exiting mitosis. Translocation of both 

proteins in the nucleus was studied by time-lapse imaging soon after G2 release. We 

observed that very few cells expressed eGFP-RGC-32 and mCherry-cyclin B together. 

This could be possibly due to low transfection efficiency. We found both RGC-32 and 

cyclin B translocated into the nucleus in a similar manner at the same time which 

appeared to be before nuclear envelope breakdown (Figure 4.2). 
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Figure 4.2 Nuclear translocation of cyclin B and RGC-32 in HeLa CDK1as mCherry-Cyclin B 
cells during mitosis. 
Selected frames of video from HeLa cdk1as mCherry-cyclin B cells transiently expressing eGFP-RGC-
32 (green). These cells express endogenous cyclin B tagged to mCherry (red). Merge shows the co-
localisation of RGC-32 and cyclin B. Cells were arrested in G2 using 1NM-PP1 (1 µM) for 16 hours 
followed by washing off the drug to release the cells in media containing proteasome inhibitor MG132 
(25 µM) to block mitotic exit. Images were captured at 2-minute intervals for 2 hours using Leica TCS 
SP8 confocal microscope. The time (in minutes) from the first image capture is shown on left side of 
each image. Scale bar: 10 µM. 
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Interestingly, cells expressing eGFP-RGC-32 were observed to remain in early mitosis 

for a longer duration as compared to the untransfected cells. 

4.3 The role of RGC-32 in mitotic entry 

The ability of RGC-32 to specifically activate CDK1 has been well established by in vitro 

kinase assays. Previous studies by our laboratory showed G2/M checkpoint disruption in 

B cells by RGC-32 overexpression as well as the activation of CDK1 in vitro by RGC-

32 (Schlick et al., 2011). This led us to dissect the role of RGC-32 in activation of CDK1 

in vivo and in the G2/M transition. Our initial experiments aimed to reproduce RGC-32 

and CDK1 binding in cells. Since B cells are difficult to transfect and synchronise 

reversibly in different phases, we performed these experiments in an adherent cell line, 

U2OS (osteosarcoma). U2OS cells were transiently transfected with plasmids expressing 

FLAG-RGC-32 (pFLAG-CMV2-RGC-32) and empty vector (pFLAG-CMV2). 

Immunocomplexes were analyzed by western blot for FLAG-RGC-32 and pull down of 

CDK1. We found that CDK1 associated with FLAG-RGC-32 (Figure 4.3). Because the 

levels of CDK1 detected were very low, we investigated whether immunoprecipitation 

studies using formaldehyde cross-linked cells may improve CDK1 detection. 

Immunoprecipitation demonstrated increased levels of CDK1 were bound to FLAG-

RGC-32 in cross-linked cells.  

Next, we sought to investigate the effect of RGC-32 expression on mitotic entry in vivo. 

As B cells cannot be efficiently synchronised for cell cycle studies, we performed this 

study in the well-established U2OS cdk1as cell line. For mitotic entry studies, the 

percentage of mitotic cells was determined using MATLAB.  The algorithm counted the  
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Figure 4.3 Investigating whether RGC-32 interacts with CDK1 in vivo. 
U2OS cells transiently expressing pFLAG-CMV2 (negative control) or pFLAG-CMV2-RGC-32 were 
harvested with or without formaldehyde crosslinking as indicated. Western Blot analysis for CDK1 and 
RGC-32 proteins was then performed. Low exposure and high exposure are shown. BJAB (EBV negative 
cell line) lysate was used as a control for CDK1 expression.     
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number of total cells using the nuclear stain, SiRDNA, and the cells with a rounded 

morphology (DIC) were counted as mitotic cells (Figure 4.4). In order to improve 

transfection efficiency, U2OS cdk1as cells were transfected soon after treating with 

trypsin (reverse transfection) with plasmid expressing FLAG-RGC-32 (pFLAG-CMV2-

RGC-3) or empty vector (pFLAG-CMV2) along with empty GFP expressing vector 

(pEGFP-C3) (to monitor transfected cells). The CDK1 inhibitor, 1NM-PP1 (2 µM) was 

added to cells for 20 hours to arrest them in G2. Cells were washed into media with 

MG132 (25 µM) to prevent mitotic exit (Figure 4.5A). To study the effect of RGC-32 

when CDK1 was partially inhibited, different concentrations of 1NM-PP1 (0.1 µM, 0.2 

µM and 0.3 µM) were also re-added to the media and time-lapse imaging was carried out. 

From four hours of imaging, we observed that when the cells were arrested with 1NM-

PP1 and then washed out, an increased proportion of RGC-32 expressing cells (~15%) 

entered mitosis (Figure 4.5B). This indicated that RGC-32 can push cells into mitosis 

consistent with its ability to activate CDK1. However, the effects of RGC-32 were 

reduced in the presence of increasing concentrations of CDK1 inhibitor indicating that 

RGC-32 cannot overcome 1NM-PP1 inhibition. 

As these mitotic entry studies were performed using transient expression of RGC-32 

which didn’t always give reproducible transfection efficiency and was associated with 

some toxicity, we set out to generate a stable cell line expressing inducible RGC-32. 

eGFP-RGC-32 was cloned into pROSA26-MCS, which had the right arm and left arm 

homologous to the commonly used integration site, the ROSA26 locus (Figure 4.6A). 

The ROSA26 locus allows insertion of gene sequences with ease without any gene  
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Figure 4.4 Mitotic entry of G2 arrested U2OS cdk1as cells transiently expressing RGC-32.  
U2OS cdk1as cells were arrested in G2 using an ATP analogue CDK1 inhibitor, 1NM-PP1 (2 µM) for 
20 hours followed by washing off the drug to release the cells in media containing proteasome inhibitor 
MG132 (25 µM) to block mitotic exit. DNA was visualised using SiRDNA (Red). Images were captured 
after G2 release using an Olympus IX73 microscope using a 20x lens. Scale bar: 10 µM. 
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Figure 4.5 The effect of transient RGC-32 expression on mitotic entry of G2 arrested U2OS 
cdk1as cells. 
(A) Schematic representation of the mitotic entry experiment. Trypsinised U2OS cdk1as cells were 
transiently transfected with either 2.5 µg of pFLAG_CMV2 or pFLAG_CMV2-RGC-32 along with 
empty pEGFP-C3 plasmid to calculate transfection efficiency. Cells were arrested in G2 using the 
ATP analogue CDK1 inhibitor 1NM-PP1 (2 µM). After complete arrest, cells were washed into media 
with proteasome inhibitor MG132 (25 µM) to block mitotic exit in addition to different concentrations 
of 1NM-PP1 (0-0.3 µM) to study mitotic entry. (B) Quantification of cells that entered mitosis -/+ 
RGC-32 expression with varying concentration of 1NM-PP1. Images were captured at 15-minute 
intervals for 4 hours with an Olympus IX73 microscope using a 20x lens. Graphs show the percentage 
of cells that have entered mitosis over time. 500 cells were examined for each condition. Results shown 
are representative of two independent experiments. Students’s T-test for cells expressing FLAG-RGC-
32 compared to control for 120 minutes after G2 release is shown for each condition where P < 0.05 
(*). 
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silencing effects thereby making it a preferred site for studying gain-of-function and loss-

of-function (Irion et al., 2007). Using this vector system, the expression of eGFP-RGC-

32 could be switched on by adding doxycycline (Dox). In addition, the plasmid also has 

a selection marker (zeocin) to select for transfected cells (Figure 4.6B). To target 

homologous recombination at ROSA26 locus, U2OS cdk1as cells were transfected with 

pROSA26-eGFP-RGC-32 along with a guide RNA (gRNA) that has a complementary 

sequence to the target region and a ‘PAM’ (Protospacer adjacent motif) sequence 

recognised by the Cas9 nuclease. Single cell dilutions were performed in order to select 

for a zeocin-resistant clonal population (Figure 4.6C) and after expansion, PCR primers 

(P1 & P2) were used to check both the ROSA26 alleles were recombined with RGC-32. 

The gel showed one amplified product running at ~2000 bp (intact allele) and another 

one running at ~5000 bp (recombined ROSA26 allele with RGC-32) (Figure 4.7A). As 

the amplification of the recombined allele was not clearly visible using the previous 

primer pair, we carried out PCR amplification using forward primer specific to RGC-32 

sequence (P3) and reverse primer for ROSA26 locus (P2). The gel showed the amplified 

product at the right size (~5000 bp) confirming one recombined ROSA26 allele in the 

clonal cell lines (Figure 4.7B). Selected positive clones (D12, F4, G4, and G8) were then 

further screened for inducible expression of eGFP-RGC-32 after addition of doxycycline 

(1 µg/ml) for 48 hours. Western blot analysis showed that eGFP-RGC-32 was expressed 

in the presence of doxycycline for all the clones with the best induction observed for 

clone F4 (Figure 4.7C). Therefore, clone F4 was used for further experiments. This cell 

line was further screened for reversible arrest in G2 by 1NM-PP1 using flow cytometry.  
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Figure 4.6 Generation of an inducible U2OS cdk1as eGFP-RGC-32 cell line. 
(A) Gibson assembly ligation to generate pROSA26_eGFP-RGC-32 plasmid. eGFP-RGC-32 
was amplified from pEGFP-C3-RGC-32 plasmid generating overhangs homologous to the 
pROSA26 MCS plasmid. Both the plasmid and insert were digested with AgeI followed by 
Gibson assembly at 50oC. (B) Diagram of the inducible eGFP-RGC-32 construct under the 
control of TRE3GS promoter. The ROSA26 locus was targeted by homologous recombination 
to knock in the inducible eGFP-RGC-32 construct. (C) U2OS cdk1as cells were transfected 
with pROSA26_eGFP-RGC-32 plasmid along with the guide RNA (gRNA) which is 
complementary to the mRNA sequence within the ROSA26 locus allowing the insertion at a 
particular site. Transfected cells were diluted in selection media to give single cells per well 
in 96-well plates and resistant cells were screened for the integration and expression of eGFP-
RGC-32.  
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Figure 4.7 Screening of U2OS cdk1as eGFP-RGC-32 stable clones for integration and expression 
of eGFP-RGC-32. 
Genomic DNA from different clones was analysed for the integration of eGFP-RGC-32 at the ROSA26 
locus. (A) PCR amplification of ROSA26 locus using primers P1 (forward) & P2 (reverse) in all the 
clones. Genomic DNA of the Retinal Pigment Epithelium (RPE) cells was used as a positive control 
for the locus. The red arrow indicates the amplified product of ~2000 bp (no RGC-32) and ~5000 bp 
(with RGC-32). * Non-specific band (B) PCR amplification of the RGC-32 integrated in the ROSA26 
locus using a forward primer (P3) specific to insert and a reverse primer (P2) for ROSA26 locus. 
Genomic DNA of RPE cells with and without the insertion of another gene at ROSA26 locus were 
used as a positive and negative control for region of integration in U2OS cdk1as eGFP-RGC-32 cells 
respectively. The red arrow indicates amplification product of right size with RGC-32 integrated 
(~5000 bp). ** Amplified product from RPE cells with insertion of a different gene at ROSA26 locus 
(~5800 bp). (C) Cells from clone D12, F4, G4 and G8 were treated with Doxycycline (Dox) for 48 
hours followed by western blot analysis for expression of eGFP-RGC-32. Lysate from Akata pRTS-1 
cells expressing eGFP was used as a positive control for GFP expression. Actin was used as a loading 
control. NTC: Non template control.  
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Cells were arrested in G2 upon treatment with the CDK1 inhibitor, 1NM-PP1 (2 µM) for 

20 hours, with only ~14% of cells remaining in G1 (Figure 4.8A). Expression of eGFP-

RGC-32 (~46%) was confirmed by wide-field microscopy of arrested cells (Figure 

4.8B). We next repeated the mitotic entry experiment using this inducible cell line. Cells 

were grown in the presence of Dox for 28 hours to induce the expression of eGFP-RGC-

32.  

Both the control and RGC-32 expressing cells were then arrested in G2 by 1NM-PP1 (2 

µM) for 20 hours following which they were washed into media with proteasome 

inhibitor MG132 (25 µM) to block mitotic exit in the absence or presence of low 

concentrations of 1NM-PP1. Cells were examined by time-lapse imaging (Figure 4.9A). 

The percentage of cells expressing eGFP-RGC-32 upon Dox treatment was ~30%. We 

observed more cells entering mitosis in the presence of RGC-32 when the CDK1 inhibitor 

was completely washed off. RGC-32 was not able to override the partial inhibition of 

CDK1 as observed previously (Figure 4.9B). Also this cell line responded differently 

from U2OS cdk1as cells transiently expressing FLAG-RGC-32 to different 

concentrations of the inhibitor. We observed the inhibition to be stronger in U2OS cdk1as 

cells expressing inducible RGC-32 even at 0.1 µM and less number of cells entered 

mitosis in the absence of INM-PP1 compared to U2OS cdk1as cells with transient RGC-

32 expression (Figure 4.4B and 4.9B). Nevertheless, these data confirm the previous 

observation of the ability of RGC-32 to drive cells into mitosis in U2OS cdk1as cells. 
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Figure 4.8 Analysis of the U2OS cdk1as eGFP-RGC-32 stable cell line (clone F4). 
(A) Flow cytometry histogram of PI (propidium iodide) stained U2OS cdk1as eGFP-RGC-32 cells 
treated with and without the ATP analogue inhibitor 1NM-PP1 (2 µM) for 20 hours to arrest cells in 
G2. (B) Wide-field microscopy of cells which were cultured in Dox to induce the expression of eGFP-
RGC-32 (Green) and arrested in G2 by 1NM-PP1 treatment for 20 hours. DNA was visualised using 
DAPI (Blue). Images were taken using an Olympus IX73 microscope. Scale bar: 10 µM. 
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Figure 4.9 The effect of eGFP-RGC-32 expression on mitotic entry of G2 arrested U2OS 
cdk1as eGFP-RGC-32 cells. 
A) Schematic representation of the mitotic entry experiment. U2OS cdk1as eGFP-RGC-32 cells 
were cultured in Dox followed by treatment with the ATP-analogue inhibitor of CDK1, 1NM-
PP1 (2 µM) to arrest cells in G2. After complete arrest, cells were washed into media with 
proteasome inhibitor MG132 (25 µM) to block mitotic exit. Low concentrations of 1NM-PP1 
(0-0.3 µM) were also included during wash out as indicated. (B) Quantification of cells that 
entered mitosis with varying concentration of 1NM-PP1 was judged by cell rounding. Images 
were captured at a 15-minute interval for 4 hours with an Olympus IX73 microscope using a 
20x lens. Graphs show the percentage of cells that have entered mitosis over time. 500 cells 
were examined for each experiment. Results shown are representative of two independent 
experiments. Student’s T-test for cells expressing eGFP-RGC-32 compared to control for 60 
minutes after G2 release is shown for each condition where P < 0.05 (*). 
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As our results were consistent with activation of CDK1 by RGC-32, we investigated the 

effects of RGC-32 on CDK1 further using this system. During interphase, the CDK1-

Cyclin B complex remains inactive due to inhibitory phosphorylation on Tyrosine (Tyr) 

15 and Threonine (Thr) 14 by Wee1 and Myt1 kinases (McGowan and Russell, 1993, 

Fattaey and Booher, 1997). These inhibitory phosphorylation marks are removed by the 

Cdc25 phosphatase in the late G2, thus activating the CDK1-Cyclin B complex and 

promoting mitotic entry (Gautier et al., 1991) (Figure 1.2). In order to characterise the 

mechanism of CDK1 activation by RGC-32, the mitotic entry assay was performed in the 

presence of an inhibitor of the Wee1 kinase (MK-1775). This is a small molecule inhibitor 

that selectively targets Wee1 preventing phosphorylation on Y15 of CDK1 (Hirai et al., 

2009). Treatment with the Wee1 inhibitor therefore results in activation of CDK1 and 

increases the number of cells entering mitosis (Parker and Piwnica-Worms, 1992). We 

wanted to determine whether the effects of RGC-32 could further enhance mitotic entry 

in the presence of the Wee1 inhibitor or whether they were mediated through effects on 

Tyr15 phosphorylation. U2OS cdk1as eGFP-RGC-32 cells were cultured in media 

containing Dox and arrested in G2. Cells were treated with MK-1775 (0.5 µM) 

(Kreahling et al., 2013) for 30 minutes prior to 1NM-PP1 wash-off as these conditions 

were optimised by Hochegger laboratory in HeLa cdk1as and RPE cdk1as cell lines 

(University of Sussex). Cells were then washed into media with MG132 (25 µM) to block 

mitotic exit without any 1NM-PP1 followed by time-lapse imaging (Figure 4.10A). 

Consistent with our previous observations more cells entered mitosis in the presence of 

RGC-32. Unfortunately, uninduced cells (control) treated with MK-1775 did not show a 

very large increase in the number of cells entering mitosis. The inhibitor had very little 

effect on the proportion of RGC-32 expressing cells entering mitosis (Figure 4.10B), but 
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from these experiments we could not make a clear conclusion. Upon repeating the 

experiment, we saw an effect of the inhibitor for RGC-32 expressing cells. However, the 

effect of RGC-32 on mitotic entry in this experiment was lower than in previous 

experiment (Figure 4.11) making it is difficult to determine whether the effects of RGC-

32 involved removal of Try15 phosphorylation. Due to time constraints, we could not 

optimise these experiments further. 
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Figure 4.10 The effect of Wee1 inhibition on mitotic entry of G2 arrested U2OS cdk1as eGFP-
RGC-32 cells expressing eGFP-RGC-32. 
(A) Schematic representation of the mitotic entry experiment. U2OS cdk1as eGFP-RGC-32 cells were 
cultured in Dox followed by treatment with the ATP-analogue inhibitor of CDK1, 1NM-PP1 (2 µM) 
to arrest cells in G2. Cells were treated with Wee1 inhibitor (500 nM) 30 minutes prior to wash-off 
into media with proteasome inhibitor MG132 (25 µM) to block mitotic exit. (B) Quantification of cells 
entering mitosis -/+ Wee1 inhibitor was judged by cell rounding. Images were captured at 15-minute 
intervals for 4 hours with an Olympus IX73 microscope using a 20x lens. Graphs show the percentage 
of cells that have entered mitosis over time. 500 cells were examined for each experiment.  
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Figure 4.11 The effect of Wee1 inhibition on mitotic entry of G2 arrested U2OS cdk1as eGFP-
RGC-32 cells expressing eGFP-RGC-32. 
(A) Schematic representation of the mitotic entry experiment. U2OS cdk1as eGFP-RGC-32 cells 
were cultured in Dox followed by treatment with the ATP-analogue inhibitor of CDK1, 1NM-PP1 
(2 µM) to arrest cells in G2. Cells were treated with Wee1 inhibitor (500 nM) 30 minutes prior to 
wash-off into media with proteasome inhibitor MG132 (25 µM) to block mitotic exit. (B) 
Quantification of cells entering mitosis -/+ Wee1 inhibitor was judged by cell rounding. Images were 
captured at 15-minute intervals for 4 hours with an Olympus IX73 microscope using a 20x lens. 
Graphs show the percentage of cells that have entered mitosis over time. 500 cells were examined 
for each experiment.  
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4.4 Effect of RGC-32 on CDK1 Tyrosine 15 phosphorylation 

As the mitotic entry experiment with Wee1 inhibition was not conclusive, we investigated 

the effect of RGC-32 on inhibitory phosphorylation on Y15 of CDK1 using an 

immunofluorescence (IF) approach. We first performed immunostaining to check the Tyr 

(Y)15 phosphorylation specific antibody. U2OS cdk1as eGFP-RGC-32 cells were 

arrested in G2 with 1NM-PP1 (2 µM) where phosphorylation of Y15 will be high, fixed 

with paraformaldehyde and stained with an anti-Y15 (P) monoclonal antibody. Specific 

staining was obtained (Figure 4.12) allowing us to further proceed with the experiment 

in RGC-32 expressing cells.  

U2OS cdk1as eGFP-RGC-32 cells were cultured in media in the absence and presence of 

Dox and arrested in G2 by 1NM-PP1 (2 µM). Y15 phosphorylation was examined at 

different time points (0, 5, 30, and 120 minutes) after release following washing of the 

cells into media with MG132 (25 µM) to block mitotic exit. Cells were fixed and stained 

with CDK1 Y15 phosphorylation specific primary antibody and then with fluorescence-

conjugated (TRITC) secondary antibody. As the samples for each time point had mixed 

population of mitotic and interphase cells, we performed immunofluorescence analysis 

using a ScanR microscope and selected the population of interphase cells by gating for 

cells with nuclei with intact nuclear membranes (visualized with Hoechst stain). The level 

of CDK1 Y15 phosphorylation was measured for the gated interphase population for each 

sample. Each histogram shows the distribution of intensity of Y15 phosphorylation vs the 

number of cells whereas the box plot shows the mean fluorescence intensity for each 

sample. 
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Figure 4.12 Immunostaining of CDK1 pY15 in U2OS cdk1as eGFP-RGC-32 cells. 
U2OS cdk1as eGFP-RGC-32 cells were arrested in G2 by 1NM-PP1 (2 µM). Cells were fixed and 
immunostained for CDK1 Y15 phosphorylation (Red). DNA was visualized using Hoechst 33342 
(Cyan). Images were taken using an Olympus IX73 microscope using a 20x lens. Scale bar: 10 µM. 
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As expected in control uninduced cells, Y15 phosphorylation staining decreased during 

mitotic entry as increasing number of cells entered mitosis (Figure 4.13). Interestingly, 

we observed a reduction in Y15 phosphorylation in cells expressing RGC-32 for all the 

time points, including at the start of wash-off (0 min) as compared to the control cells 

indicating that RGC-32 reduces CDK1 Y15 phosphorylation. When this experiment was 

repeated, the staining did not work as well and the cell density was lower. We also 

observed different kinetics of mitotic entry, with most cells in mitosis by 30 minutes. 

Nonetheless, we saw a reduction in Y15 phosphorylation at the 5 min time point (Figure 

4.14). Overall, it appears that RGC-32 promotes removal of inhibitory phosphorylation 

on Y15 of CDK1. 
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Figure 4.13 The effect of RGC-32 on Tyrosine 15 phosphorylation of CDK1. 
U2OS cdk1as eGFP-RGC-32 cells were cultured -/+ Dox to induce the expression of eGFP-RGC-32. 
Cells were arrested in G2 for 20 hours with 1NM-PP1 (2 µM) and washed into media with proteasome 
inhibitor MG132 (25 µM) to block mitotic exit. Samples were collected at 0, 5, 30 and 120 minutes post 
wash-off. Cell were fixed and immunostained for CDK1 Y15 phosphorylation (Red) and DNA was 
visualized using Hoechst 33342 (Blue). Images were taken on an Olympus ScanR microscope using a 
20x lens. Analysis was carried out using the ScanR image analysis software. (A) Histogram showing the 
number of cells with different fluorescent intensity of Y15 phosphorylation in G2 population of each 
sample for every time point after releasing the cells from G2 arrest. (B) Box plot shows the median, lower 
and upper values for the mean intensity of Y15 phosphorylation and the top and bottom bar show the 
overall range of intensity for Y15 phosphorylation in the selected population of control and eGFP-RGC-
32 expressing cells for G2 population. Both the graphs were generated using PyCharm. T-test for cells 
expressing eGFP-RGC-32 compared to control for each time point is shown where P < 0.001 (**).  
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Figure 4.14 The effect of RGC-32 on Tyrosine 15 phosphorylation of CDK1. 
U2OS cdk1as eGFP-RGC-32 cells were cultured -/+ Dox to induce the expression of eGFP-
RGC-32. Cells were arrested in G2 for 20 hours with 1NM-PP1 (2 µM) and washed into media 
with proteasome inhibitor MG132 (25 µM) to block mitotic exit. Samples were collected at 0, 5, 
30 and 120 minutes post wash-off. Cell were fixed and immunostained for CDK1 Y15 
phosphorylation (Red) and DNA was visualized using Hoechst 33342 (Blue). Images were taken 
on an Olympus ScanR microscope using a 20x lens. Analysis was carried out using the ScanR 
image analysis software. (A) Histogram showing the number of cells with different fluorescent 
intensity of Y15 phosphorylation in G2 population of each sample for every time point after 
releasing the cells from G2 arrest. (B) Box plot shows the median, lower and upper values for 
the mean intensity of Y15 phosphorylation and the top and bottom bar show the overall range of 
intensity for Y15 phosphorylation in the selected population of control and eGFP-RGC-32 
expressing cells for G2 population. Both the graphs were generated using PyCharm. T-test for 
cells expressing eGFP-RGC-32 compared to control for each time point is shown where P < 
0.001 (**).  
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4.5 Effect of RGC-32 on CDK substrate phosphorylation 

Next, we investigated the effect of RGC-32 on CDK1 mediated substrate phosphorylation 

at Serine/ Proline (S/P) residues upon mitotic entry. Cells were arrested in G2 followed 

by wash-off in media with MG132 (25 µM) to block mitotic exit. Cells were fixed 2 hours 

after releasing from G2 arrest and immunostained using primary antibody that detects 

phosphorylation at Serine/ Proline residues in the (K/H) S*P motif and then with 

fluorescence-conjugated (Cy5) secondary antibody in mitotic cells (Figure 4.15). By 

using this antibody, we determined whether phosphorylation of CDK substrates in 

mitosis increases in the presence of RGC-32. Immunofluorescence was performed using 

the ScanR microscope to measure the Serine/Proline phosphorylation in the mitotic cells. 

U2OS cdk1as eGFP-RGC-32 cells were arrested in G2 by 1NM-  PP1 (2 µM) -/+ Dox 

followed by wash-off into media with MG132 (25 µM) to block mitotic exit. Samples 

were collected at different time points (5, 30, 60, and 120 minutes) after releasing the 

cells from G2 arrest. The mitotic population for each sample was gated by selecting for 

cells with metaphase plates with high Hoechst intensity. An overall increase in substrate 

phosphorylation was observed as cells moved into mitosis during the time-course of the 

experiment as expected. Substrate phosphorylation increased significantly in cells 

expressing RGC-32 after 30 and 60 minutes of wash-off and equalised to control levels 

after 120 minutes (Figure 4.16). Upon repeating the experiment, cells appeared to move 

more slowly into mitosis but significant increase in CDK substrate phosphorylation at 60 

minutes was observed in cells expressing RGC-32 (Figure 4.17). In conclusion, our data 

indicates that RGC-32 increases phosphorylation of CDK substrates in mitosis consistent 

with activation of CDK1 kinase activity by RGC-32. 
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Figure 4.15 Immunostaining of CDK phospho S/P substrates in U2OS cdk1as eGFP-RGC-32 
cells. 
U2OS cdk1as eGFP-RGC-32 cells were arrested in G2 by 1NM-PP1 (2 µM) followed by wash-off 
into media with proteasome inhibitor MG132 (25 µM) to block mitotic exit. Cells were fixed 2 hours 
after wash-off and immunostained for CDK S/P substrate phosphorylation (Magenta). DNA was 
visualized using Hoechst 33342 (Cyan). Images were taken using an Olympus IX73 microscope 
using a 20x lens. Scale bar: 10 µM. 
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Figure 4.16 The effect of RGC-32 on phosphorylation of CDK1 targets. 
U2OS cdk1as eGFP-RGC-32 cells were cultured -/+ Dox to induce the expression of eGFP-RGC-
32. Cells were arrested in G2 for 20 hours with 1NM-PP1 (2 µM) and washed into media with 
proteasome inhibitor MG132 (25 µM) to block mitotic exit. Samples were collected at 5, 30, 60 
and 120 minutes post wash-off. Cell were fixed and immunostained for CDK substrate 
phosphorylation at serine/ proline residues (Red) and DNA was visualized using Hoechst 33342 
(Blue). Images were taken on an Olympus ScanR microscope using a 20x lens. ScanR image 
analysis was carried out to gate for G2 and mitotic population and to calculate the mean 
fluorescence intensity. (A) Histogram showing the number of cells with different fluorescent 
intensity of CDK target phosphorylation in mitotic population of each sample for every time point 
after releasing the cells from G2 arrest. (B) Box plot shows the median, lower and upper values for 
the mean intensity of CDK target phosphorylation and the top and bottom bar show the overall 
range of intensity for CDK S/P phosphorylation in the selected population of control and eGFP-
RGC-32 expressing cells for mitotic population. Both the graphs were generated using PyCharm. 
T-test for cells expressing eGFP-RGC-32 compared to control for each time point is shown where 
P < 0.001 (**).  
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Figure 4.17 The effect of RGC-32 on phosphorylation of CDK1 targets. 
U2OS cdk1as eGFP-RGC-32 cells were cultured -/+ Dox to induce the expression of eGFP-
RGC-32. Cells were arrested in G2 for 20 hours with 1NM-PP1 (2 µM) and washed into media 
with proteasome inhibitor MG132 (25 µM) to block mitotic exit. Samples were collected at 5, 
30, 60 and 120 minutes post wash-off. Cell were fixed and immunostained for CDK substrate 
phosphorylation at serine/ proline residues (Red) and DNA was visualized using Hoechst 33342 
(Blue). Images were taken on an Olympus ScanR microscope using a 20x lens. ScanR image 
analysis was carried out to gate for G2 and mitotic population and to calculate the mean 
fluorescence intensity. (A) Histogram showing the number of cells with different fluorescent 
intensity of CDK target phosphorylation in mitotic population of each sample for every time 
point after releasing the cells from G2 arrest. (B) Box plot shows the median, lower and upper 
values for the mean intensity of CDK target phosphorylation and the top and bottom bar show 
the overall range of intensity for CDK S/P phosphorylation in the selected population of control 
and eGFP-RGC-32 expressing cells for mitotic population. Both the graphs were generated 
using PyCharm. T-test for cells expressing eGFP-RGC-32 compared to control for each time 
point is shown where P < 0.001 (**).  
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4.6 Can RGC-32 promote mitotic entry upon depletion of Cyclin 
B1/B2?   

The ability of RGC-32 to bind to CDK1 directly and activate it both in vitro and in vivo 

led us to study whether RGC-32 is sufficient for mitotic entry in the absence of cyclin B. 

To study this we transfected U2OS cdk1as eGFP-RGC-32 cells with either cyclin B1 and 

B2 targeting siRNAs (Dharmacon smartpool) or control siRNA (Qiagen). We confirmed 

that cyclin B1 and B2 were depleted by western blot analysis 48 hours post transfection 

(Figure 4.18). Once the depletion of cyclin B was established using siRNA, we next 

investigated the effect of RGC-32 on mitotic entry in the absence of cyclin B. U2OS 

cdk1as eGFP-RGC-32 cells were transfected with either control siRNA or cyclin B1/B2 

targeting siRNAs. Expression of eGFP-RGC-32 was induced by culturing the transfected 

cells in media containing Dox followed by treatment with 1NM-PP1 (2 µM) to arrest the 

cells in G2. After 20 hours, cells were washed into media with proteasome inhibitor 

MG132 (25 µM) to block mitotic exit (Figure 4.19A). The effect of RGC-32 on mitotic 

entry in the presence of cyclin B was consistent with more cells entering mitosis 

compared to control. However, this effect of RGC-32 was not observed in cells 

transfected with either the control siRNA or the cyclin B targeting siRNAs (Figure 

4.19B). Since the effect of RGC-32 was not observed in control siRNA treated cells 

possibly due to toxicity effects, we could not derive any definite conclusion for the effect 

of RGC-32 on mitotic entry in the absence of cyclin B. Due to time constraints; this 

experiment could not be repeated.  
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Figure 4.18 siRNA mediated depletion of Cyclin B1 and B2. 
U2OS cdk1as eGFP-RGC-32 cells were transfected with control (Ctrl) or Cyclin B1 and Cyclin 
B2 (Cyclin B1+B2) siRNA using Lipofectamine® RNAiMAX. Western Blot analysis showed 
the depletion of Cyclin B1 and Cyclin B2 protein by the Cyclin B1+B2 siRNA. Actin was used 
as the loading control. 
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Figure 4.19 The effect of Cyclin B knockdown on mitotic entry of G2 arrested U2OS cdk1as 
eGFP-RGC-32 cells expressing eGFP-RGC-32. 
(A) Schematic representation of the mitotic entry experiment. U2OS cdk1as eGFP-RGC-32 cells were 
transfected with either control siRNA or Cyclin B1/B2 siRNA. Media was changed after 10 hours and 
cells were cultured in Dox followed by treatment with ATP-analogue inhibitor of CDK1, 1NM-PP1 (2 
µM) to arrest cells in G2. Cells were washed-off into media with proteasome inhibitor MG132 (25 
µM) to block mitotic exit. (B) Quantification of cells entering mitosis +/- Cyclin B1/B2 expression 
was judged by cell rounding. Images were captured at a 15-minute interval for 4 hours with an Olympus 
IX73 microscope using a 20x lens. Graphs show the percentage of cells that have entered mitosis over 
time. 500 cells were examined for each experiment. Results shown are representative of two 
independent experiments. Student’s T-test for cells expressing eGFP-RGC-32 compared to control for 
120 minutes after G2 release is shown for each condition where P < 0.05 (*). 
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4.7 RGC-32 is required for the survival of EBV-infected B cells  

To determine the role of RGC-32 in the growth of EBV-infected cells, where we first 

showed its expression to be activated, the expression of RGC-32 was silenced in EBV-

positive Latency III (GM12878 & IB4) cells and cell viability assays were conducted. To 

confirm that the shRNA specifically targeted RGC-32, Dr Michèle Brocard from our 

laboratory transduced GM12878 cells with lentiviruses expressing shRNA specific to 

RGC-32 (shRNA 3-7) at a multiplicity of infection (MOI) of 1. As the scrambled control 

was not available, lentivirus expressing the GFP sequence was used as a control. Western 

blot analysed reduced protein expression in transduced cells as compared to untransduced 

(Untr) cells after 3 weeks of selection in puromycin. RGC-32 protein levels were reduced 

50% - 78% in week 3 (Figure 4.20A) (Brocard et al., 2018). However, the depletion of 

protein expression was not sustained in these longer-term puromycin-selected cells which 

indicated reduced RGC-32 expression was toxic to cells (Figure 4.20B). To explore this 

further, knockdown studies were carried out by using combinations of RGC-32 targeting 

shRNA expressing lentiviruses as well as increasing the MOI to achieve higher 

transduction efficiency. Cell viability studies of IB4 cells transduced at a MOI of 5 with 

RGC-32 targeting shRNA showed the number of live cells in the culture decreased 

rapidly over 8 days of puromycin selection as compared to untransduced cells. Moreover, 

increased cell death was observed with increasing the combination of RGC-32 targeting 

shRNA (Figure 4.20C). These data suggests that silencing of RGC-32 leads to cell death 

of EBV-infected cells (Brocard et al., 2018).  
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Figure 4.20 Depletion of RGC-32 mRNA in cells using lentiviruses expressing shRNA. 
(A) GM12878 cells were transduced at MOI of 1 with either Mission (Sigma) lentiviral particle 
carrying the GFP coding sequence (eGFP) as a control or shRNAs targeting RGC-32 open 
reading frame or 3’UTR (shRNA 3 to 7).  Western blot analysis shows depletion of RGC-32 
protein in transduced cells after 3 and 5 weeks of selection in puromycin. Actin was used as a 
loading control. (B) Quantification of RGC-32 protein normalised to actin and expressed relative 
to the untransduced control showing the reduction in RGC-32 protein in transduced cells. (C) 
IB4 cells were transduced at MOI 5 with Mission lentiviral particles. The untransduced (Untr.) 
cells -/+ puromycin (Untr. + Puro) were used as controls for growth and selection respectively. 
Number of live cells was determined by trypan blue exclusion. Graph show the mean of four 
independent cell counts ± standard deviation and are expressed relative to the number of live 
cells at day 0 (Brocard et al., 2018).  
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To confirm that cell death was specific to RGC-32 depletion and not due to general 

toxicity of the lentiviruses or shRNA, a rescue experiment was performed by inducibly 

overexpressing exogenous RGC-32 in cells transduced with lentiviruses. To do this, IB4 

cells were transfected with either pRTS-1 (control) or pRTS-1 RGC-32 allowing 

inducible expression of RGC-32 and hygromycin resistant cells were selected to establish 

a stable cell line (Figure 4.21A). The plasmid has a bidirectional promoter which drives 

the GFP expression in one direction and RGC-32 expression in other direction (IB4 

pRTS-1 RGC-32) upon doxycycline treatment. In the control cell line, firefly luciferase 

is expressed instead of RGC-32 in the opposite direction to GFP (IB4 pRTS-1). Both 

stable cell lines were screened by flow cytometry to monitor the induction of GFP upon 

treatment with Dox for 48 hours. IB4 pRTS-1 cells showed an induction of ~86% and in 

IB4 pRTS-1 RGC-32 cells it was ~54% (Figure 4.21B). In addition, IB4 stable cell lines 

were screened for overexpression of RGC-32 mRNA 48 hours by qPCR. We observed 

some leaky expression of RGC-32 mRNA in IB4 pRTS-1 RGC-32 cells without 

doxycycline, however, treatment with dox increased the expression by ~230 fold 

compared to cells without dox (Figure 4.22A). The induction of RGC-32 protein 

expression was also analysed in these cells. However, we could not detect any increase 

in protein expression upon treatment with doxycycline as these cells already expressed 

high levels of RGC-32. To check that the inability to detect RGC-32 protein expression 

was not because of a problem with the plasmid being used, the Akata pRTS-1 RGC-32 

(Latency I) stable cell line made by Dr Lina Chen using the same plasmid was also 

analysed. Here, RGC-32 protein expression was observed to be specifically induced in 

cells containing the pRTS-1 RGC-32 plasmid (Figure 4.22B). 
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Figure 4.21 Generation of an IB4 stable cell lines expressing inducible eGFP and RGC-32. 
(A) Schematic diagram of IB4 (EBV-positive latency III) cells transfected with pRTS-1 or 
pRTS-1 RGC-32 followed by hygromycin selection of resistant cells stably expressing the 
inducible plasmids. (B) Flow cytometry analysis to determine the number of cells expressing 
eGFP and Luciferase (pRTS-1) or eGFP and RGC-32 (pRTS-1 RGC-32) 48 hours after 
treatment with doxycycline (Dox). The GFP positive cells were gated (M1) from the total events 
showing the percentage of positive cells (Brocard et al., 2018). 
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Figure 4.22 Analysis of inducible expression of RGC-32 in IB4 pRTS-1 RGC-32 stable cell 
line. 
IB4 pRTS-1 and pRTS-1 RGC-32 cells were treated with Dox for 48 hours. (A) QPCR analysis 
of RGC-32 mRNA expression using cDNA from cell lines +/- Dox. RGC-32 mRNA levels were 
normalized to endogenous actin levels and expressed relative to RGC-32 mRNA levels in 
parental IB4 cell line. (B) Western blot analysis of GFP, EBNA1 and RGC-32 protein expression 
in IB4 pRTS-1 and pRTS-1 RGC-32 cells and Akata pRTS-1 and pRTS-1 RGC-32 cells +/- 
Dox. GFP expression was used as a positive control for induction as the plasmid has a 
bidirectional promoter expressing RGC-32 in one direction and GFP in other. Also, EBNA1 
protein expression was used as a positive control for the plasmid replication. Actin was used as 
a loading control (Brocard et al., 2018). 
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Expression of EBNA1 was used as a positive control for plasmid expression as the pRTS-

1 vector backbone has the EBV origin of replication (oriP) and latent protein EBNA1 

which binds to OriP and allows episomal replication and segregation of the plasmid 

(Bornkamm et al., 2005). This suggests that there could be translational control that 

prohibits the overexpression of RGC-32 in IB4 cells. Since we confirmed that RGC-32 

mRNA was overexpressed in these cells and rescue of shRNA effect would be expected 

to result from squelching of the effects by excess mRNA, we continued with the 

experiment.  

For the rescue experiment, IB4 pRTS-1 and IB4 pRTS-1 RGC-32 cell lines were treated 

with doxycycline for 24 hours to induce the expression of GFP in the absence and 

presence of RGC-32. Cells were transduced with lentiviruses expressing either non-

targeting shRNA or shRNA targeting the open reading frame of RGC-32. Transduced 

cells were selected in puromycin and the percentage of GFP positive cells was determined 

by flow cytometry. In the IB4 pRTS-1 control cell line, we observed that the percentage 

of GFP positive cells reduced substantially over time as compared to cells transduced 

with non-targeting shRNA. However, the percentage of GFP positive cells in IB4 pRTS-

1 RGC-32 did not decrease to the same extent indicating that they were resistant to death 

induced by RGC-32 targeting shRNA (Figure 4.23). The percentage of GFP positive 

cells in IB4 pRTS-1 RGC-32 was observed to be 50% on day 5 as compared to 6% in 

IB4 pRTS-1 upon selection of transduced cells expressing shRNA specific to RGC-32. 

Although, the loss in percentage of GFP positive cells could be due to the loss of GFP 

expression in cells and not necessarily cell death, the GFP expression in cells transduced 

with Non-targeting shRNA did not reduce to the extent observed in cells transduced with  
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Figure 4.23 The effect of RGC-32 overexpression on cell death of IB4 cells 
transduced with lentiviruses expressing shRNA targeting RGC-32. 
IB4 pRTS-1 (expressing GFP only) and IB4 pRTS-1 RGC-32 (expressing GFP and RGC-
32) cells were cultured in doxycycline for 24 hours followed by transduction with either 
Mission (Sigma) non-targeting shRNA expressing lentiviruses or a mix of lentiviruses 
expressing shRNA targeting RGC-32 (shRNA 5+6) at MOI of 5. The untransduced 
(Untrans) cells -/+ puromycin (Untrans + Puro) were used as controls for growth and 
selection respectively. The number of GFP positive cells in lentivirus transduced cells 
relative to GFP positive cells in untransduced cells was calculated for each time point 
(Brocard et al., 2018). 



Page 164 

 

RGC-32 targeting shRNA in the absence of RGC-32 expression. These data demonstrate 

that the cell death in IB4 cells was specific to RGC-32 silencing. Together, our studies 

confirm the crucial role of RGC-32 in survival of EBV-infected cells (Brocard et al., 

2018). 

4.8 Discussion 

Our initial interaction studies presented in chapter 3 showed that RGC-32 binds to the 

Spc24-25 heterodimer, part of the NDC80 complex of kinetochore. To further understand 

this, localisation of RGC-32 at kinetochores by virtue of its interaction with Spc24-25 

heterodimer was investigated in HeLa and HeLa cdk1as cells. However, the plasmid m-

Cherry-CENP-A, used for localization studies marked the entire chromosome instead of 

kinetochores making the observation non-conclusive (Figure 4.1). To address this issue, 

localization studies by staining the endogenous kinetochore marker in synchronized 

population of cells that overexpress RGC-32 could be performed in the future. During 

prometaphase, PLK1 mediates the stable attachment of kinetochores to the microtubules 

(Liu et al., 2012). Therefore, investigating the exact timing of RGC-32 localisation during 

mitosis will provide information on its role in kinetochore-microtubule attachment. 

Interestingly, localization studies in HeLa cdk1as cells expressing endogenous cyclin B 

tagged to m-Cherry showed RGC-32 to translocate in the nucleus similar to cyclin B 

before the breakdown of nuclear envelope (Figure 4.2). Interestingly, RGC-32 does not 

have a nuclear localization signal in its sequence. This suggests RGC-32 could bind to 

the activated the CDK1-Cyclin B complex as shown by our interaction studies (chapter 

3) leading to its translocation in the nucleus before the breakdown of nuclear envelope.   
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Several studies have reported a role of RGC-32 in disrupting the G2/M checkpoint. Our 

laboratory showed that overexpression of RGC-32 disrupts the G2/M checkpoint in two 

different B-cell backgrounds suggesting its role in EBV-mediated cell cycle deregulation 

(Schlick et al., 2011). Therefore, to investigate the role of RGC-32 in G2/M transition, 

mitotic entry experiments in U2OS cdk1as cells by transiently expressing FLAG-RGC-

32 were carried out. In these cells, the endogenous CDK1 has been disrupted and its 

function is provided by exogenous expression of an analogue-sensitive (AS) F80G 

mutant (cdk1as). Thus, allowing these cells to be reversibly arrested in G2 by inhibiting 

CDK1 using a bulky ATP-analogue, 1NM-PP1. We observed more cells to be pushed 

into mitosis following wash-off from G2 arrest in the presence of RGC-32 as compared 

to control. This observation was recapitulated in a stable cell line expressing doxycycline 

inducible RGC-32, U2OS cdk1as eGFP-RGC-32. However, RGC-32 was not able to 

override the partial inhibition of CDK1 by 1NM-PP1 (Figure 4.5). One possible 

explanation for this could be the binding of 1NM-PP1, a bulky ATP-analogue, in ATP 

binding pocket of CDK1 which inhibits substrate phosphorylation (Coudreuse and Nurse, 

2010). Previous studies have shown that activation of CDK1 kinase activity by RGC-32 

is mediated by phosphorylation on Thr91 of RGC-32 by CDK1 (Badea et al., 2002) 

suggesting RGC-32 to be a CDK1 substrate. As RGC-32-mediated CDK1 activation and 

phosphorylation of RGC-32 at Thr91 are interdependent, inhibition of CDK1 by INM-

PP1 could prohibit it from phosphorylation of RGC-32 thereby blocking the activation of 

CDK1 by RGC-32 (Figure 4.9). During these experiments we observed low expression 

of RGC-32 in stable cell line over time; this could be a result of gene silencing or the 

non-transfected cells developing resistance towards the selection drug. In order to address 
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this issue, sub-cloning of the cell line and screening for clones with better induction can 

be pursued in future. 

Next, to determine the mechanism by which RGC-32 activates CDK1, mitotic entry 

studies were performed by inhibition of Wee1 kinase, which acts as a negative regulator 

of CDK1 (McGowan and Russell, 1993). Both the experiments for Wee1 inhibition did 

not show a consistent effect on mitotic entry in the control cell population suggesting that 

the concentration of Wee1 inhibitor used in these studies may not be sufficient to 

completely inhibit the activity of the kinase. Therefore, the concentration of Wee1 

inhibitor needs to be addressed in future experiments by titrating the drug concentration 

to achieve optimum drug concentration and then revisit these experiments (Figure 4.10-

4.11). Further, immunofluorescence studies showed the intensity of inhibitory 

phosphorylation of Y15 by Wee1 on CDK1 reduced significantly in the presence of RGC-

32 as compared to control cells (Figure 4.13-4.14). In addition, the substrate 

phosphorylation at Serine/ Proline residues in the (K/H) S*P motif by CDK was also 

increased with the expression of RGC-32 (Figure 4.16-4.17). Therefore, these data 

combined with the mitotic entry studies suggest that RGC-32 may activate CDK1 in vivo 

by behaving as an epistatic inhibitor of Wee1 kinase. This means RGC-32 depends on 

the initial activation of CDK1-Cyclin B complex to further amplify the activity of CDK1 

by a feedback loop leading to increased substrate phosphorylation and mitotic entry 

(Figure 4.24).  

Cyclin B1/B2 knockdown studies in HeLa cells by another group showed that cyclin A2 

could initiate mitosis in the absence of cyclin B1/B2 but the mitotic state in these cells 

could not be maintained suggesting an important role of cyclin B1/ B2 in maintaining 
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mitotic state (Gong and Ferrell, 2010). Although, we showed the binding affinity of RGC-

32 to be higher for the CDK1-Cyclin B complex, we wanted to investigate whether RGC-

32 could activate CDK1 in the absence of cyclin B1/ B2 and initiate mitosis as RGC-32 

could also bind to CDK1 alone. However, mitotic entry study in U2OS cdk1as eGFP-

RGC32 cells upon depletion of cyclin B was not conclusive as RGC-32 was not able to 

push more cells into mitosis when treated with control siRNA rendering the observation 

in cyclin B1/B2 siRNA treated cells as false negative (Figure 4.19). Therefore, this 

experiment needs to be further optimized to retain the effect of RGC-32 on mitotic entry 

in control cells. 

Previous studies by our laboratory have shown RGC-32 is not only upregulated in EBV-

infected cells expressing full panel of latent genes (Latency III) but this gene is also 

differentially regulated in Latency I and Latency III cells with the protein expression 

being detectable only in Latency III (Schlick et al., 2011). Recently our laboratory 

showed that this differential regulation is due to translation repression of RGC-32 

mediated by binding of Pumilio (an RNA-binding protein) to the RGC-32 3’UTR 

(Brocard et al., 2018). Pumilio proteins have shown to repress several cell-cycle 

regulatory proteins including cyclin B1 and RINGO (atypical activator of CDK1 in 

Xenopus) by binding to their 3’UTR (Nakahata et al., 2001, Padmanabhan and Richter, 

2006). Knockdown studies using lentiviruses carrying shRNA targeting RGC-32 showed 

rapid cell death in IB4 (Latency III) cells as compared to GFP control (Figure 4.20) and 

this effect could be relieved upon exogenously overexpressing RGC-32 in cells (Figure 

4.23). Thus, suggesting a crucial role of RGC-32 in survival of EBV-infected cells 

(Brocard et al., 2018).  
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Figure 4.24 Model showing the regulation of G2/M transition by RGC-32. 
Schematic representation showing the activation of CDK1 by RGC-32 is mediated via removal 
of inhibitory Tyr15 phosphorylation thereby acting as a epistatic inhibitor of Wee1 kinase. 
RGC-32 binds to active CDK1-Cyclin B1 complex and facilitates the activation of its feedback 
loop.  
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Overall this chapter provides insights into the role of RGC-32 in CDK1 activation in vivo 

to be mediated by removal of inhibitory Tyr (Y) 15 phosphorylation of CDK1. Moreover, 

increased CDK substrate phosphorylation in the presence of RGC-32 confirms the 

function of RGC-32 of as an atypical activator CDK1 thereby driving cells in mitosis. 

RGC-32 knockdown studies point to the crucial role of RGC-32 in the survival of EBV-

infected cells and the possible role it plays in the cell cycle deregulation by EBV. 
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5 Regulation of the B-cell receptor signalling pathway by 
EBV transcription factors 

5.1 Introduction 

Several studies have shown EBV to deregulate the expression of host cell genes from 

multiple growth and survival pathways and to hijack the cell cycle machinery to 

efficiently transform and immortalise B cells. In order to understand the mechanism of 

EBNA2 and EBNA3 regulation of host cell genes, ChIP-sequencing (ChIP-seq) 

experiments were carried out in our laboratory by a previous PhD student (Michael 

McClellan) using an EBV-positive Burkitt’s Lymphoma (BL) cell line that expresses all 

EBV latent proteins (Mutu III) (McClellan et al., 2013). EBNA2 ChIP-seq was carried 

out using an EBNA2 specific monoclonal antibody and EBNA 3 ChIP-seq was carried 

out using a polyclonal antibody initially raised against EBNA3C, but that cross-reacts 

with EBNA3A and EBNA3B and thus identifies all EBNA3 binding sites (McClellan et 

al., 2013). Significant binding sites (p-value <10-7) for EBNA2 and EBNA3 were 

identified using the peak calling algorithm MACS (Zhang et al., 2008). To identify cell 

genes that may be regulated by EBNA binding, three different criteria were used to link 

binding sites to potential target genes. The first criterion selected cellular genes that had 

significant EBNA binding sites with 2 Kb of their transcription start sites (promoter-

proximal). It was reasoned that genes with promoter-proximal binding sites had a high 

chance of being regulated genes. The second criterion identified genes that were the 

closest to the top most significant EBNA binding sites. The top 300 most significant 

EBNA3 binding sites were used for this analysis. For EBNA2, where a higher number of 

highly significant binding sites had identical p-values, binding sites with a p-value of 10-

310 or lower (526 sites) were used for analysis. It was reasoned that the most significant 
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(often the largest) binding sites were more likely to represent functional gene regulatory 

elements. Genes closest to these top significant binding sites in either direction were 

manually identified by Michael McClellan assisted by three undergraduate project 

students. The third criterion was less stringent and simply identified target genes that 

were closest to any significant binding site (p-value <10-7). Pathway analysis on these 

gene lists was carried out by Prof. Michelle West. Analysis of promoter-proximal gene 

lists for EBNA2 and EBNA3 using the bioinformatic tool (DAVID) identified the B-cell 

receptor (BCR) signalling pathway as the only significantly enriched pathway using a 

widely-used cut off of Bonferonni<0.01 (Table 5.1). Using the lists of genes closest to a 

top significant EBNA2 binding site, the BCR signalling pathway was again the only 

significantly enriched pathway (Bonferonni<0.01) (Table 5.1). For genes closest to top 

significant EBNA3 binding sites no pathways were significantly enriched. Some genes 

in these lists overlap as top significant binding sites may also be promoter-proximal 

peaks. EBNA2 and EBNA3 proteins are also known to compete for binding to the same 

human genome binding sites and to target the same genes through distinct binding sites 

as a result of which some target genes may be shared (Harth-Hertle et al., 2013, 

McClellan et al., 2013, Wang et al., 2015). In total these first two criteria identified 25 

unique BCR signalling pathway genes that could be targeted by EBNA2 or EBNA3 

proteins (IFITM1, NFKBIA, CD72, RASGRP3, CD22, PIK3AP1, NFATC4, INPP5D, 

PIK3R1, NFATC1, PIK3R2, SYK, PTPN6, CR2, VAV3, LYN, PIK3CD, VAV2, PRKCB, 

MAPK1, CD19, CD81, PLCG2, CD79B, CD79A). Figure 5.1 shows their position in the 

BCR signalling pathway.  
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Table 5.1 DAVID analysis of ChIP-seq from Mutu III cells showing enrichment of the BCR 
signalling pathway for genes that are within 2 Kb of EBNA2 and EBNA3 binding sites 
(promoter-proximal), closest to top most significant EBNA2 binding site (p-value ≤ 10-310) 
or genes that are closest to any significant binding site of EBNA2 and EBNA3 (p-value <10-

7) irrespective of the distance (McClellan et al., 2013) . 
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Pathway analysis of less stringently identified genes that were closest to any significant 

EBNA binding site also identified the BCR signalling pathway as a significantly enriched 

pathway for both EBNA2 and EBNA3 gene lists (Table 5.1). For EBNA2, BCR 

signalling was the second most enriched pathway (Table 5.1), with the first being T-cell 

receptor signalling (it is worth mentioning that many genes in these two pathways are the 

same). For EBNA3s, BCR signalling was also the second most enriched pathway (Table 

5.1), with the first being JAK-STAT signalling. Again, as expected a number of these 

genes were identified in the analysis of promoter-proximal or top significant closest gene 

lists (Table 5.1). Taken together, all three criteria identified 63 unique genes in the BCR 

signalling pathway that could represent target genes of EBNA2 or EBNA3 proteins 

(Table 5.2 and 5.3).  

Gene expression analysis from published microarray studies from our own and other 

laboratories was examined by Dr Michael McClellan for evidence of regulation of these 

potential BCR pathway target genes by EBNA2 or EBNA3 proteins (Chen et al., 2005, 

Maier et al., 2006, Spender et al., 2006, Zhao et al., 2006, Lucchesi et al., 2008, Hertle 

et al., 2009, White et al., 2010, Zhao et al., 2011b, McClellan et al., 2012) (Table 5.2). 

Importantly he found that a number of these BCR pathway genes had been previously 

identified as regulated genes by gene expression arrays. However, for the majority of the 

genes, this regulation had not been confirmed in follow up analysis in other cell lines. In 

addition, he found that many of the BCR pathway potential target genes identified by our 

criteria had not previously been identified as regulated genes (Table 5.3).  
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In this chapter, I set out to determine whether the BCR pathway genes that were identified 

by their association with EBNA2 or EBNA3 binding sites show evidence of regulation at 

the RNA and protein level and whether this has an impact on BCR signalling.  

5.2 High throughput gene expression analysis for EBNA2 and EBNA3 
regulated genes. 

TaqMan array cards were previously designed in our laboratory by Dr Michael McClellan 

and loaded with pre-made or custom TaqMan assays for 55 of the 63 BCR pathway genes 

plus four control genes (GAPDH, RPLP0, GUSB, and HPRT1) for normalisation of target 

gene expression. Given the limited number of genes that can be loaded into the card, eight 

genes were not included on the array cards. These were LOC407835 (a MAPKK2 

pseudogene), and LOC646626 (an uncharacterised non-coding RNA). Additionally, 

NFKBIE, HRAS, MAP2K1, MAP2K2, PIK3CB and PPP3CC were also excluded due to 

the presence of only very small EBNA2 or EBNA3 binding sites. 

To examine the regulation of BCR pathway genes by EBNA2 and individual EBNA3 

proteins, we used cell lines that either expressed these proteins conditionally or cell lines 

infected with viruses carrying a deletion of individual EBNA genes. To study gene 

regulation by EBNA2, we used an EBV-infected LCL (EREB 2.5) that was generated by 

the Kempkes group (Kempkes et al., 1995). This cell line has the endogenous EBNA2 

replaced with conditionally active estrogen receptor-EBNA2 (ER-EBNA2) fusion 

protein. Expression of active EBNA2 protein was achieved by culturing cells in media 

supplemented with β-estradiol which activates the estrogen receptor (Safe, 2001). In 

order to verify the conditional activation of EBNA2 in this cell line, the expression of the 

well-characterised EBNA2 target genes, MYC and CR2 (CD21) was studied (Wang et al., 

1990, Kaiser et al., 1999). QPCR analysis showed that as expected MYC and CR2 
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expression was upregulated after re-addition of β-estradiol to the cells cultured for 4 days 

in the absence of β-estradiol (Figure 5.2). A higher level of gene induction by EBNA2 

was observed after 17 hrs, therefore, this time-point was used in the TaqMan array card 

assay. A heatmap was generated using unsupervised hierarchical clustering with Pearson 

correlation coefficient to visualise the data obtained using two biological replicates for 

each condition (Figure 5.3). Interestingly, even though best characterised as an activator, 

EBNA2 repressed majority of the target genes analysed (~68%). Only a few genes 

showed induced expression (~7%) while the remaining (25%) genes showed no 

regulation or inconsistent results were observed between replicates. Table 5.4 shows the 

list of genes that we confirmed as target genes regulated by EBNA2. Our TaqMan array 

card data confirmed the activation of CR2 and PIK3R1 and repression of CD72, CD79A, 

CD79B, NFATC1, VAV1, PLCG2, PIK3CG and RASGRP3 by EBNA2 independent of 

the cell background. Whereas, repression of PTPN6, CD22, CD19, LYN, BLNK, PPP3CA 

and activation of NFKBIA by EBNA2 in our TaqMan array card data contradicted with 

the previously reported regulation either in a different cell line or a different cell 

background (Table 5.2 and 5.4). Our data also identified NFATC3, NFATC4, DAPP1, 

SOS1, IFITM1, VAV2, PIK3R3, PIK3R5, RAC2, NFAT5 and FOS as new target genes of 

EBNA2. 

For regulation by EBNA3 proteins, the first set of cell lines used were EBV-negative 

Burkitt’s lymphoma (BL31) infected with either wild-type recombinant EBV (wtBAC), 

EBNA3A knock-out EBV (BL31 3AKO), EBNA3B knock-out EBV (BL31 3BKO),  
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Figure 5.2 MYC and CD21 mRNA induction in EREB2.5 cells. 
QPCR analysis of MYC and CD21 mRNA expression in EREB2.5 cell that were cultured in 
the absence of β-estradiol (-ER, -EBNA2) for 4 days and then for a further 8 hr and 17 hr 
with β-estradiol (+ER, +EBNA2). Signals were normalised to GAPDH signals. Results show 
the mean mRNA levels relative to EREB2.5 (-ER) ± standard deviation of qPCR duplicates. 
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Figure 5.3 Regulation of genes from BCR signalling by EBNA2 in a conditional LCL. 
Heatmap showing gene expression normalised to the housekeeping gene, GUSB, in the 
lymphoblastoid cell line EREB 2.5 expressing conditionally active EBNA2. For inactivation and 
reactivation of EBNA2, cells were maintained in the absence of β-estradiol for 4 days and 1 µM β-
estradiol was re-added for 17 hr prior to cell harvest. Normalised gene expression (𝛥Ct) was obtained 
after deducting the Ct value of GUSB for each cell line from the Ct value of the gene in question. 
These values for each gene are shown as pseudocolour with blue being downregulated and orange 
being upregulated gene expression as shown by the scale. Hierarchical clustering was performed using 
Pearson correlation as a measure of similarity between genes with complete linkage as the clustering 
allocation. Genes are grouped as being upregulated or downregulated and the genes that are not 
grouped, are either not regulated or the replicates show opposite regulation thereby making the 
regulation inconclusive. Each column represents a cell line, and each row represents one gene. The 
cut off value for 𝛥Ct for upregulated and downregulated genes is 7 and -7 respectively. Genes with 
𝛥Ct value higher than the cut off are shown in grey with their respective 𝛥Ct value whereas the genes 
whose expression was not detectable are shown in grey with ND (not determined). Heatmap was 
generated using Rstudio. 
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Table 5.4 confirming the TaqMan array card data for cellular target genes by EBNA2 in a conditional 
LCL where green represent upregulation and red represent downregulation respectively. Newly 
identified target genes are highlighted in grey. Genes that were also regulated by EBNA3s (refer Table 
5.5) are shown by (*). 
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EBNA3C knock-out EBV (BL31 3CKO), EBNA3A, 3B and 3C knock-out (BL31 E3KO) 

which will be referred as EBNA3KO from here on, or by the respective revertant virus to 

restore the deleted gene (BL31 3A rev2, BL31 3B rev2.2, BL31 3C rev2, BL31 E3 rev). 

These cell lines were generated by the Allday group to study gene regulation by EBNA3 

proteins (Anderton et al., 2007). In the initial experiments, we used western blot analysis 

for EBNA3A, EBNA3B and EBNA3C to check that the cell lines were carrying the 

expected viruses and that KO lines showed no expression of the specific gene in question. 

We confirmed the presence of all three EBNA3 proteins in the cell line infected with 

wild-type EBV (wtBAC) and in the BL31 E3 revertant (Figure 5.4). Expression of 

EBNA3A, EBNA3B and EBNA3C was absent as expected in the respective knock-out 

cell lines. We observed no expression of EBNA3A, EBNA3B and EBNA3C proteins in 

the BL31 E3KO cell line confirming the deletion of the internal regions for EBNA3A, 

EBNA3B and exon 2 for EBNA3C. The regulation of BCR genes by EBNA3 was 

investigated by TaqMan array cards. A heatmap was generated using unsupervised 

hierarchical clustering with Pearson correlation coefficient to visualise data obtained 

using the following cell lines: 1-two clones of wtBAC and individual EBNA3 gene 

deletion; 2- one clone of EBNA3 KO; 3- individual revertant compared to EBV-negative 

BL31 cell line (Figure 5.5). Consistent with the best characterised function as a repressor, 

EBNA3A, EBNA3B and EBNA3C proteins repressed ~50% of the targets analysed. 

Most of these genes were repressed by cooperation among all three EBNA3 proteins 

which is a widely reported regulation mechanism for the EBNA3 proteins seen in the 

majority of the genes previously reported. Only a few genes showed induced expression 

(~4%) while the remaining (~46%) genes showed no regulation or inconsistent results 

between clones.  
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Figure 5.4 Expression of EBV nuclear antigen 3 (EBNA3) proteins in BL31 cell lines.  
Western blot analysis for expression of EBV latent genes (EBNA3A, EBNA3B and EBNA3C) 
in EBV-negative BL cell line BL31 and in BL31 cells infected with either wild-type 
recombinant EBV (wt BAC3), EBNA3A knock-out EBV (BL31 3AKO-3A∆), EBNA3B 
knock-out EBV (BL31-3BKO-1), EBNA3C knock-out EBV (BL31-3CKO-6), EBNA3 knock-
out EBV (BL31-E3KO) or with their respective revertant viruses to restore gene expression 
(BL31-3A rev-2, BL31-3B rev-2.2, BL31-3B rev-2.2 and BL31-3B rev-2.2). Actin was used as 
a loading control. 
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Figure 5.5 Regulation of genes from BCR signalling by EBNA3s in BL31s. 
Heatmap showing gene expression normalised to the housekeeping gene, GUSB, in EBV-ve BL cells 
(BL31) cells infected with either wild-type recombinant EBV (wt BAC), EBNA3A knock-out EBV 
(BL31 3AKO), EBNA3B knock-out EBV (BL31 3BKO), EBNA3C knock-out EBV (BL31 3CKO), 
EBNA3 knock-out EBV (BL31 EBNA3KO) or their respective revertant virus (BL31 3A rev2, BL31 
3Brve2.2, BL31 3Crev2, BL31 EBNA3 rev). Normalised gene expression (𝛥Ct) is obtained after 
deducting the Ct value of GUSB for each cell line from the Ct value of the genes in question. These 
values for each gene are shown as pseudocolour with blue being downregulated and orange being 
upregulated gene expression as shown by the scale. Hierarchical clustering was performed using Pearson 
correlation as a measure of similarity between genes with complete linkage as the clustering allocation. 
Genes are grouped as being upregulated or downregulated and the genes that are not grouped, are either 
not regulated or the replicates show opposite regulation thereby making the regulation inconclusive. Each 
column represents a cell line, and each row represents one gene. The cut off value for 𝛥Ct for upregulated 
and downregulated genes is 5 and -6.5 respectively. Genes with 𝛥Ct value higher than the cut off are 
shown in grey with their respective 𝛥Ct value whereas the genes whose expression was not detectable 
are shown in grey with ND (not determined). Heatmap was generated using Rstudio. 
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Another set of cell lines from lymphoblastoid cell background was also used to study the 

regulation of BCR genes. This was important because several pathways are known to be 

distorted in BL during the outgrowth which may affect the regulation of the genes in 

question. For example, LYN has been reported to be differentially regulated by EBNA3C 

in BL and LCLs (White et al., 2010, Zhao et al., 2011a). For gene regulation by 

EBNA3A, LCL cell lines generated by the Kempkes laboratory by infecting primary B 

cells (different donors, D1 & D3) with either wild-type EBV (LCL wtBAC) or with a 

recombinant virus lacking the entire coding region of EBNA3A (LCL3A mtB) were used 

(Hertle et al., 2009). The EBNA3B knock-out cell lines were generated by the Allday 

laboratory by infecting EBV-negative peripheral B cells from a donor  (donor 2, D2) with 

either wild-type EBV (LCL wtBAC), EBNA3B knock-out (LCL 3BKO) or EBNA3B 

revertant virus (LCL 3B rev) (White et al., 2010). Since EBNA3C is essential for 

immortalisation and outgrowth of LCLs (reviewed in (Young et al., 2016)), a stable cell 

line with conditionally active EBNA3C (LCL 3CHT) was established by the Allday 

laboratory (Skalska et al., 2013). This cell line was generated by infecting peripheral B 

cells with a recombinant virus containing EBNA3C fused to an estrogen receptor at the 

C-terminus. Expression of EBNA3C was achieved by culturing cells in media 

supplemented with 4-hydroxytamoxifen (HT) which interacts with and activates the 

estrogen receptor (Sasson and Notides, 1988). In order to confirm the cell lines have 

EBNA3A and EBNA3B deletion, qPCR analysis using RNA from LCL EBNA3A mtB 

and LCL 3BKO cell lines was carried out. There was no EBNA3A and EBNA3B mRNA 

expression in LCL EBNA3A mtB and LCL 3BKO cell line respectively (Figure 5.6 

A&B).  
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Figure 5.6 Investigating EBNA3A, EBNA3B and ADAMDEC1 mRNA expression in LCLs. 
(A) QPCR analysis of EBNA3A mRNA expression in LCLs infected with either wild-type 
recombinant EBV (LCL D2 WT3, LCL D3 wt1) or EBNA3A mutant EBV (LCLD2 3AmtB3, 
LCLD3 3AmtB1). (B) QPCR analysis of EBNA3B mRNA expression in LCLs infected with either 
wild-type recombinant EBV (LCL-wtBAC-D2.4), EBNA3B knock-out EBV (LCL-3BKO-D2.4, 
LCL-3BKO-D2.5) or EBNA3B revertant virus (LCL-3Brev-D2.3). (C) QPCR analysis of 
ADAMDEC1 mRNA expression. LCL3CHT were grown in the presence of HT (4-
hydroxytamoxifen) for 25 days (EBNA3C active) and the HT was washed off and cells were 
cultured in the absence of HT for 21 days (EBNA3C inactive). Cells were then cultured either 
with HT (re-instate EBNA3C) for 14 days or were maintained without HT for a further 10. Signals 
for EBNA3A mRNA and EBNA3B mRNA were normalized to β2 microglobin mRNA levels and 
ADAMDEC1 mRNA signals were normalized to GAPDH mRNA levels. Results show the mean 
± standard deviation of qPCR duplicates.  
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For LCL 3CHT cell line, samples for RNA analysis were harvested at different time 

points from cells cultured with HT, without HT and after re-adding HT. To verify the 

activation of EBNA3C in LCL 3CHT cell line, expression of a known EBNA3C 

repressed target gene ADAMDEC1 was studied (McClellan et al., 2012, McClellan et al., 

2013, Kalchschmidt et al., 2016a). QPCR analysis confirmed that ADAMDEC1 

expression increased in LCL 3CHT cells cultured in media without HT thereby 

confirming the loss of EBNA3C in this cell line on HT withdrawal (Figure 5.6C). 

TaqMan array card analysis in lymphoblastoid cell background showed EBNA3A to 

repress (~24%) less number of target genes and activate more (~25%) target genes 

compared to BL (Figure 5.7). Similarly, EBNA3B and EBNA3C showed less number of 

target genes regulated as compared to BL by activating (~4%) and (~17%) and repressing 

(~16%) and (~30%) target genes respectively (Figure 5.8 and 5.9). Majority of the target 

genes (~51%, EBNA3A; ~80%, EBNA3B; 53%, EBNA3C) showed no regulation by 

EBNA3 in LCLs or inconsistent regulation was observed between different clones. As 

the number of activated genes by EBNA3A, EBNA3B and EBNA3C was higher in LCLs 

compared to BL, it suggests a difference in the regulation of BCR signalling genes 

between these two cell backgrounds. Table 5.5 shows the list of target genes confirmed 

by TaqMan array card analysis. There was co-regulation observed for most of the genes 

by EBNA3 proteins in the lymphoblastoid cell background similar to BL.  
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Figure 5.7 Regulation of genes from BCR signalling by EBNA3A in LCLs. 
Heatmap showing the target gene expression normalised to the housekeeping gene, GUSB. 
Regulation by EBNA3A was studied in LCLs established by infecting primary B cells from donor 
1 & 3 with either wild-type EBV (wt BAC) or mutant virus lacking the coding sequence for 
EBNA3A (LCL 3A mutB). Normalised gene expression (𝛥Ct) is obtained after deducting the Ct 
value of GUSB for each cell line from Ct value of genes in question. These values for each gene are 
shown as pseudocolour with blue being downregulated and orange being upregulated gene 
expression as shown by the scale. Hierarchical clustering was performed using Pearson correlation 
as a measure of similarity between genes with complete linkage as clustering allocation. Genes are 
grouped as being upregulated or downregulated and the genes that are not grouped, are either not 
regulated or the replicates show opposite regulation thereby making the regulation inconclusive. 
Each column represents cell lines, and each row represents one gene. The cut off value for 𝛥Ct for 
upregulated and downregulated genes is 6 and -6. Genes whose expression was not detectable are 
shown in grey with ND (not determined). Heatmap was generated using Rstudio. 
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Our TaqMan array card data confirmed the activation of CR2, LYN, VAV2, IFITM1, 

PIK3R3, PTPN6 in BL and KRAS, IFITM1, PPP3CA in LCLs by EBNA3 proteins. It 

also confirmed the repression of CD22, CD72, CD19, CD79A, CD79B, NFATC1, 

PIK3AP1, PRKCB in BL and PIK3R5 in LCLs by EBNA3 proteins (Chen et al., 2005, 

Hertle et al., 2009, White et al., 2010, Zhao et al., 2011a, McClellan et al., 2012). 

However, repression of CR2 and activation of PPP3R1 by EBNA3C in LCL 3CHT cell 

line contradicted with the previously reported regulation (Zhao et al., 2011a). Our data 

also identified new target genes AKT2, NFATC3, NFATC4, FOS, AKT2, PIK3CG, 

PLCG2, INPP5D, NFKBIA, CARD11 in BL and IKBKB, DAPP1, CARD11, RAC2, FOS, 

NFATC4 in LCLs (Table 5.5). Extensive overlap for the newly identified target genes 

regulated by EBNA2 and EBNA3 was observed. Although for some genes EBNA2 and 

EBNA3 showed antagonist effect, for example, EBNA2 activated PIK3R1 in LCL which 

was found to be repressed by EBNA3C in the same cell background. Furthermore, based 

on TaqMan array card analysis, the genes that were identified as EBNA2 and EBNA3 

targets could be mainly categorised by their molecular/biological function such as 

transcription regulation, adhesion, cell differentiation marker, protein kinases and tumour 

suppressors. Majority of these genes were found to be involved mainly in calcium 

signalling, PI3K-Akt signalling as well as genes that are upstream of these two signalling 

pathways. These two pathways are involved in cellular signalling, survival and 

proliferation of B cells (reviewed in (Rickert, 2013)). As the effects of gene regulation 

by EBNA2 and EBNA3 have not been studied previously, I set out to investigate the 

functional consequence of EBNA2 and EBNA3 mediated gene regulation from the PI3K-

Akt pathway.  
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Figure 5.8 Regulation of genes from BCR signalling by EBNA3B in LCLs. 
Heatmap showing the target gene expression normalised to the housekeeping gene, GUSB. Regulation 
by EBNA3B was studied in LCLs established by infecting primary B cells from donor 2 with either wild-
type EBV (wt BAC), EBNA3B knockout EBV (LCL 3BKO) or revertant virus for EBNA3B (LCL 3B 
rev). Normalised gene expression (𝛥Ct) is obtained after deducting the Ct value of GUSB for each cell 
line from Ct value of genes in question. These values for each gene are shown as pseudocolour with blue 
being downregulated and orange being upregulated gene expression as shown by the scale. Hierarchical 
clustering was performed using Pearson correlation as a measure of similarity between genes with 
complete linkage as clustering allocation. Genes are grouped as being upregulated or downregulated and 
the genes that are not grouped, are either not regulated or the replicates show opposite regulation thereby 
making the regulation inconclusive. Each column represents cell lines, and each row represents one gene. 
The cut off value for 𝛥Ct for upregulated and downregulated genes is 5 and -5. Genes with 𝛥Ct value 
higher than the cut off are shown in grey with their respective 𝛥Ct value whereas the genes whose 
expression was not detectable are shown in grey with ND (not determined). Heatmap was generated using 
Rstudio. 
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Figure 5.9 Regulation of genes from BCR signalling by EBNA3C in a conditional LCL. 
Heatmap showing the target gene expression normalised to the housekeeping gene, GUSB. Regulation 
by EBNA3C was studied in LCL 3CHT established by infecting peripheral B cells with recombinant 
virus containing EBNA3C fused to estrogen receptor. LCL3CHT were grown in the presence of HT (4-
hydroxytamoxifen) for 25 days (EBNA3C active) and the HT was washed off from cells and they were 
cultured in the absence of HT for 21 days (EBNA3C inactive). Cells were then either cultured with HT 
(re-instate EBNA3C) for 14 days or without HT for another 10 days (31 days in total). Normalised gene 
expression (𝛥Ct) is obtained after deducting the Ct value of GUSB for each cell line from Ct value of 
genes in question. These values for each gene are shown as pseudocolour with blue being downregulated 
and orange being upregulated gene expression as shown by the scale. Hierarchical clustering was 
performed using Pearson correlation as a measure of similarity between genes with complete linkage as 
clustering allocation. Genes are grouped as being upregulated or downregulated and the genes that are 
not grouped, are either not regulated or the replicates show opposite regulation thereby making the 
regulation inconclusive. Each column represents cell lines, and each row represents one gene. The cut 
off value for 𝛥Ct for upregulated and downregulated genes is 6 and -6. Genes whose expression was 
not detectable are shown in grey with ND (not determined). Heatmap was generated using Rstudio. 
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Table 5.5 confirming the Taqman array card data for cellular target genes by EBNA3s in BL and 
LCLs where green represent upregulation and red represent downregulation respectively. Newly 
identified target genes are highlighted in grey. Genes that were also regulated by EBNA2 are shown 
by (*). 
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5.3 EBNA2 and EBNA3 proteins repress the PI3K-Akt pathway 
through inactivation of Akt.  

A majority of genes in this pathway showed regulation by both EBNA2 and EBNA3 

proteins. The PI3K-Akt pathway promotes proliferation and growth of B cells and is one 

of the most frequently deregulated pathways in human cancers (reviewed in (Martini et 

al., 2014)). Figure 5.10 shows the genes that were identified as targets of EBNA2 and 

EBNA3 in the PI3K-Akt pathway from TaqMan array card analysis.  

We observed the upstream components, SYK and CD19 were mainly repressed by 

EBNA2 and EBNA3, with the exception of LYN being repressed by EBNA2 and activated 

by EBNA3 (Table 5.4 & 5.5, Figure 5.10). The PI3K regulatory subunits (PIK3R1, 

PIK3R3 and PIK3R5) were differentially regulated by EBNA2 and EBNA3 whereas the 

negative regulator of PI3K, INPP5D, was repressed by EBNA2, EBNA3A and EBNA3C. 

As these data showed downregulation of upstream components and repression of the 

negative regulator of PI3K-Akt signalling by EBNA2 and EBNA3 proteins it was 

difficult to deduce the overall effect of EBNA2 and EBNA3 on this pathway.  

Therefore, to further understand the regulation of PI3K-Akt signalling, binding data for 

genes that were regulated by either EBNA2 or EBNA3 was examined in more detail. We 

also aligned the binding data of ChIP-seq from GM12878 cells (LCLs, Latency III) with 

the binding data of ChIP-seq from Mutu III cells that was used for initial target gene 

analysis.  
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Figure 5.10 Schematic diagram of regulation of the PI3K-Akt signalling pathway by EBNA2 
and EBNA3s. 
This diagram shows the PI3K-Akt pathway downstream of BCR. A black arrow with +P indicates 
activation by phosphorylation, double headed arrow indicates activation by an unspecified 
mechanism. Black arrow without +P indicates activation of downstream signalling pathway whereas 
inhibition is represented by black perpendicular lines. Based on the TaqMan array card analysis, 
genes that have been reported to be regulated by EBNA2 and EBNA3s in this pathway are shown 
using arrows for upregulation and downregulaion. The arrows enclosed in a box represent co-
operative regulation by EBNA3A, 3B and 3C. Arrows are colour coded according to which EBNA 
is regulating them.  
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ChIP in GM12878 cells was carried out using antibodies for EBNA2, EBNA3A, 

EBNA3B and EBNA3C as previously described in Mutu III experiment (Gunnell et al., 

2016), however, we did not have this data during the start of the study. Comparing the 

ChIP-seq data between cell backgrounds used in our TaqMan array cards will allow us to 

compare the overall binding pattern of EBNA2 and EBNA3 in these cell lines. However, 

it should be noted that the ChIP-seq data from GM12878 was not of good quality due to 

the low number of background subtracted reads per million. The binding data showed 

LYN, CD19, SYK, INPP5D and PIK3R1 to be either bound by EBNA2 or EBNA3 at a 

promoter-proximal site or had a top significant EBNA2 binding site confirming the initial 

DAVID analysis (Figure 5.11-5.15). PIK3R5 and PIK3R3 were identified as genes close 

to a significant EBNA2 and EBNA3 binding site irrespective of the distance by the initial 

DAVID analysis, however, the binding data showed EBNA2 to bind at the PIK3R3 

promoter suggesting it to be a promoter-proximally bound gene (Figure 5.16-5.17, Table 

5.1). This could be due to some issue with DAVID analysis as it did not list PIK3R3 as a 

BCR target for genes that were promoter-proximally bound. We also investigated 

commonly bound sites by EBNA2 and EBNA3 for these genes. EBNA2 and EBNA3 

bound to a common site in the downstream intragenic site for SYK and at the gene 

promoter for PIK3R1 (Figure 5.11-5.12). For LYN and INPP5D, top significant EBNA2 

binding site at the downstream intragenic region was found in addition to EBNA2 

promoter-proximal binding sites (Figure 5.13-5.14). 
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Majority of the EBNA2 binding sites for these two genes in Mutu III were found to 

overlap with the EBNA2 binding sites in GM12878 and EBNA3 in Mutu III. CD19 also 

had a top significant EBNA2 binding site in both Mutu III and GM12878 cells at the gene 

promoter that overlapped with the significant EBNA3 binding site (Figure 5.15). For 

PIK3R3, EBNA3 bound to only one site which overlapped with an EBNA2 binding site 

(Figure 5.16). Whereas, PIK3R5 only showed EBNA2 binding in both Mutu III and 

GM12878 cells which supports our TaqMan array card analysis as we did not see EBNA3 

mediated regulation of PIK3R5 in BL (Figure 5.17). Overall, the binding data showed 

most of these genes to have common sites for EBNA2 and EBNA3 binding further 

supporting the observation of these genes to be co-regulated by EBNA2 and EBNA3 

proteins.  

All the EBNA2 and EBNA3 binding peaks for these genes coincided with H3K27ac mark 

suggesting these sites to be potentially an active regulatory element (Figure 5.11-5.17). 

However, the genes that were repressed by either EBNA2 or EBNA3 did not show an 

increase in the repressive mark, H3K27me3, implicating repression of these genes to be 

independent of Polycomb repressor complex 2 (PRC2) which represses transcription by 

trimethylation of histone H3 lysine 27 (H3K27me3) and plays a role in the initial 

silencing of genes (reviewed in (Simon and Kingston, 2009)). 
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Heatmap analysis was used to visualise gene expression between different cell lines. We 

further studied the relative quantification of PI3K-Akt signalling genes to determine the 

significance of the EBNA2 and EBNA3 mediated gene regulation. For EBNA2, mRNA 

expression was studied relative to EREB 2.5 (-ER, inactive EBNA2) cell line (Figure 

5.18). SYK, LYN, INPP5D, PIK3R1 and PIK3R3 were significantly repressed by EBNA2 

with the exception of PIK3R1 which was activated by EBNA2. Whereas, CD19 although 

repressed by EBNA2, it was not found to be significant. For EBNA3 in BL, mRNA 

expression of genes was studied relative to EBV-negative BL31 cell line (Figure 5.19). 

Only CD19 was significantly repressed by EBNA3A whereas SYK, LYN, INPP5D, 

PIK3R1, PIK3R3 and PIK3R5 were not significantly regulated. EBNA3KO cells did 

show repression of PIK3R3 and PIK3R5 but the significance of their regulation could not 

be determined as we did not have another clone/replicate for this deletion. In LCLs, 

mRNA expression for EBNA3A and EBNA3B regulated genes was studied relative to 

their respective wtBAC cell lines and for EBNA3C, LCL 3CHT grown in the presence 

of HT (active EBNA3C) was used to study the relative mRNA expression (Figure 5.20). 

The relative quantification showed only LYN to be significantly activated by EBNA3A 

in LCLs. Although robust repression of PIK3R1 and PIK3R3 by EBNA3C was observed, 

we could not determine the significance for these genes as we did not have a biological 

replicate for each sample in this cell line. Altogether, the relative quantification data 

confirmed the regulation of PI3K-Akt signalling genes by EBNA2 whereas only a few 

target genes for EBNA3 could be confirmed due to the lack of biological replicates or big 

error bars.  
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Figure 5.18 Gene regulation by EBNA2 in LCLs (EREB 2.5).  
QPCR analysis of SYK, LYN, CD19, INPP5D, PIK3R1, PIK3R2, PIK3R3 and PIK3R5 mRNA 
expression in EREB2.5 cells. Signals were normalised to GUSB mRNA levels. Results show 
the mean mRNA levels relative to EREB2.5 (-ER) ± standard deviation of two independent 
experiments. Student's t-test for mRNA expression in EREB2.5 (+ER) compared to EREB2.5 
(-ER) shown P < 0.05 (*) and P < 0.01 (**).  
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Next, we investigated the functional consequence of transcriptional regulation of these 

genes on the PI3K-Akt pathway. Phosphorylation of Akt on Thr308 by PDK1 lead to its 

partial activation and complete activation is achieved by phosphorylation on Ser473 by 

mTORC2. On the other hand, INPP5D represses the PI3K-Akt signalling by hydrolysing 

PIP3 (phosphatidylinositol (3,4,5) triphosphate) to PIP2 (phosphatidylinositol (3,4) 

diphosphate). PI3K PIP3 is required for the recruitment of PDK1 and Akt to the plasma 

membrane and activation of mTOCRC2 thereby leading to Akt phosphorylation on 

Thr308 and Ser473 (reviewed in (Liu and Cohen, 2015)). As EBNA2 and EBNA3 repress 

INPP5D and differentially regulate PI3K regulatory subunits, we studied the 

phosphorylation of Akt to understand the overall impact of EBNA2 and EBNA3 proteins 

on Akt activity. To address this, western blotting using phospho-specific antibodies for 

Akt (Thr308 & Ser473) was carried out. Expression of the EBV latent membrane protein, 

LMP1, was also monitored as it has been shown to increase the basal activity of Akt 

through phosphorylation on Ser473 in HEK 293 cells (Dawson et al., 2003). LMP1 

expression was induced in EREB 2.5 cells with active EBNA2 consistent with it being a 

transcriptional target of EBNA2 (Wang et al., 1990) (Figure 5.21). The active 

phosphorylation on Ser473 and Thr308 of Akt in EREB 2.5 cells with active EBNA2 was 

reduced despite a small increase in the total Akt protein level confirming repression of 

Akt phosphorylation by EBNA2 despite increased LMP1 expression. We also analysed 

the expression of EBNA3C in these cells as initial TaqMan array card analysis showed 

downregulation of PIK3R1 and PIK3R3 by EBNA3C in LCLs (Table 5.5). EBNA3C 

expression did not change with the activation of EBNA2 thereby ruling out the effects of 

EBNA3C on the observed Akt dephosphorylation. 
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Figure 5.19 Gene regulation by EBNA3 in BL31 cell lines. 
QPCR analysis of SYK, LYN, CD19, INPP5D, PIK3R1, PIK3R2, PIK3R3 and PIK3R5 mRNA 
expression in EBV-ve BL cells (BL31) and cells infected with either wild-type recombinant 
EBV (wtBAC), EBNA3A knock-out EBV (BL31 3AKO), EBNA3B knock-out EBV (BL31 
3BKO), EBNA3C knock-out EBV (BL31 3CKO), EBNA3 knock-out EBV (BL31 
EBNA3KO) or the revertant virus (Revertants (EBNA3A,3B & 3C), BL31 EBNA3 rev). 
Signals were normalised to GUSB mRNA levels. Results show the mean mRNA levels 
relative to EBV –ve BL cells (BL31) ± standard deviation of regulation in two different 
clones. Student's t-test for mRNA expression compared to BL31 wtBAC is shown P < 0.05 
(*). 
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Figure 5.20 Regulation of gene expression by EBNA3 in LCLs. 
QPCR analysis of SYK, LYN, CD19, INPP5D, PIK3R1, PIK3R2, PIK3R3 and PIK3R5 mRNA 
expression in LCLs. Regulation by EBNA3A and EBNA3B was studied in LCLs infected with 
either wild-type recombinant EBV or recombinant EBV lacking entire coding region of 
EBNA3A (LCL 3A mutant B), knock-out EBNA3B EBV (LCL3BKO) or recombinant 
revertant EBV (LCL 3Brev). Regulation by EBNA3C was studied in LCL 3CHT cells cultured 
in the presence of HT for 25 days (LCL 3C +HT) followed by wash-off and cells were either 
cultured in the absence of HT (LCL 3C -HT) or HT was re-added to some cells after 21 days 
for a further 14 days (LCL 3C readded HT) while the remaining cells were cultured without 
HT for another 10 days (31 days in total). Signals were normalised to GUSB mRNA levels. 
Results show the mean mRNA levels relative to LCLs infected with wild-type EBV for 
EBNA3A and EBNA3B ± standard deviation of expression in two clones. Student's t-test for 
mRNA expression compared to LCL wtBAC is shown P < 0.05 (*). 
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Figure 5.21 Repression of Akt by EBNA2 in EREB2.5 cells. 
Western blot analysis for expression of (A) Akt at Ser473 and Thr308 phosphorylation, Akt 
(pan), LMP1 and (B) EBNA3C. Actin was used as a loading control. Numbers under panel 
show quantification of western blot signal for each antibody normalised to actin and 
expressed relative to EREB 2.5 (-ER).  
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Moreover, we observed reduced Akt (Thr308) phosphorylation even in the presence of 

high LMP1 expression in EREB 2.5 (+ER) suggesting EBNA2 to override the effect of 

LMP1 on Akt phosphorylation. This also implies transcriptional repression of upstream 

components overrides the effect of INPP5D repression by EBNA2. Together, these data 

suggest a net negative effect of EBNA2 on PI3K-Akt signalling arm as a result of reduced 

Akt phosphorylation. 

We also examined the impact of EBNA3 expression on PI3K-Akt signalling by 

investigating Akt phosphorylation. Western blot analysis for effects of EBNA3 regulation 

in Burkitt’s lymphoma showed dephosphorylation of Akt on Ser473 and Thr308 in EBV-

infected BL31 cells (BL31 wtBAC3 & wtBAC2) (Figure 5.22). This was consistent with 

the dominant repressive effects of EBNA2 on upstream components of the Akt pathway 

resulting in inactivation of Akt. The active phosphorylation increases prominently in cells 

lacking EBNA3A expression without affecting total Akt protein expression (Figure 

5.22A). Thereby, it confirms the role of EBNA3A in repression of PI3K-Akt signalling. 

Although variable LMP1 expression was observed across the cell panel, the increased 

phosphorylation on Ser473 in BL31 3AKO3 appears to be independent of high LMP1 

levels since an increase in phosphorylation on Ser473 was also observed in another 

EBNA3A knock-out cell line (BL31 3AKO1.1) where LMP1 levels were lower (Figure 

5.22B). In addition, high levels of LMP1 in BL31 3BKO1 and BL31 3CKO6 did not 

increase phosphorylation on Ser473 of Akt (Figure 5.22). 
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Figure 5.22 Repression of Akt by EBNA3A latent genes in BL31 cell lines.  
(A & B) Western blot analysis for expression of Akt at Ser473 and Thr408 phosphorylation, Akt 
(total levels), LMP1 in EBV-negative BL cell-line BL31 and in BL31 cells infected with either 
wild-type recombinant EBV (BL31 wt BAC3, BL31 wt BAC2), EBNA3A knock-out EBV 
(BL31 3AKO-3A∆, BL31-3AKO-1.1), EBNA3B knock-out EBV (BL31-3BKO-1, BL31-
3BKO-8.2), EBNA3C knock-out EBV (BL31-3CKO-6, BL31-3CKO-3), EBNA3 knock-out 
EBV (BL31-E3KO) or with their respective revertant viruses (BL31-3A rev-2, BL31-3B rev-
2.2, BL31-3B rev-2.2 and BL31-3B rev-2.2). Actin was used as a loading control. Non-specific 
band (*). 
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Analysis of Akt phosphorylation in LCLs was also carried out as EBNA3C was shown 

to repress PIK3R1 and PIK3R3 in the LCL 3CHT cell line (Table 5.5). Phosphorylation 

of Akt on Ser473 and Thr308 was reduced in cells with active EBNA3C (Figure 5.23). 

Consistent with repression of Akt by EBNA3C, Akt phosphorylation increased on 

inactivation of EBNA3C and was found to be reduced upon reactivation of EBNA3C. 

Although an increase in total Akt protein and LMP1 was observed upon inactivation of 

EBNA3C, the increase in Akt (Ser473) was increased ~ 3 fold more suggesting a relief 

in the repression of Akt in these cells. On the other hand, increased EBNA2 expression 

in LCL 3C (-HT) should have lead to reduced Akt phosphorylation as observed earlier. 

However, the increase in Akt phosphorylation in these cells suggests EBNA3C effects to 

be dominant on Akt regulation. Together in LCLs and BL, we observed reduced Akt 

phosphorylation by EBNA3C and EBNA3A implicating their role in suppression of 

PI3K-Akt signalling. 

5.4 Discussion  

To increase our understanding on the role of EBNA2 and EBNA3 transcription factors in 

growth and survival of infected B cells, we investigated transcriptional regulation of 

genes involved in BCR signalling, TaqMan array cards were used to perform gene 

expression analysis. Regulation by EBNA2 was studied in a lymphoblastoid cell line 

(LCL) with conditionally active EBNA2 (EREB 2.5). For gene regulation by EBNA3s, 

studies were undertaken in two cell backgrounds, EBV negative Burkitt’s lymphoma cells 

(BL31) and LCLs. Our approach confirmed the regulation of majority of the BCR  
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Figure 5.23 Repression of Akt by EBNA3C in LCL 3CHT cells. 
Western blot analysis for expression of (A) Akt at Ser473 and Thr308 phosphorylation, Akt 
(pan), LMP1 and (B) EBNA2. DG75 (EBV-ve) cell lysate was used as a control for total Akt 
levels. Actin was used as a loading control. Numbers under panel show quantification of 
western blot signal for each antibody normalised to actin and expressed relative to LCL 3C 
(+HT). 
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signalling genes that have been previously reported as well as identified several new 

targets that could provide us with useful information of EBNA2 and EBNA3 mediated 

deregulation of this pathway (Table 5.4 and 5.5).  Majority of the new target genes 

identified belong to the calcium signalling and the PI3K-Akt pathway. My studies were 

focussed on the effects of gene regulation on the PI3K-Akt pathway while effects on 

calcium signalling are being investigated by another PhD student in the laboratory (Hilda 

Veenstra). A comprehensive list of genes from PI3K-Akt signalling which has been 

previously identified along with the regulation observed by TaqMan array card analysis 

is shown in Table 5.6.  

EBNA2 and EBNA3 share 25% of the binding sites in the human genome. Several studies 

have reported EBNA2 and EBNA3 to co-regulate genes and to antagonistically regulate 

genes. Re-ChIP analysis has also shown EBNA2 and EBNA3 proteins to compete for 

binding at all the shared sites as they were not found to co-occupy at any of their common 

binding sites (McClellan et al., 2012, Harth-Hertle et al., 2013, McClellan et al., 2013). 

We observed EBNA2 and EBNA3 had overlapping binding sites at the target genes from 

the PI3K-Akt pathway. Activation of PIK3R1 by EBNA2 was consistent with the 

previous study in EREB 2.5 cells. Spender et al. demonstrated EBNA2 to promote cell 

survival of infected cells through activation of PIK3R1 (Spender et al., 2006). However, 

we observed EBNA3C counteract this regulation in LCLs. ChIP-seq data for PIK3R1 

shows EBNA2 and EBNA3 binding to overlap at the gene promoter suggesting these two 

proteins to compete for binding at the promoter. LYN was also antagonistically regulated 

by EBNA2 and EBNA3A in LCLs.  
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This was further supported by the ChIP-seq data as EBNA3 binding overlapped with the 

small intragenic EBNA2 binding site downstream of the promoter as well as it overlapped 

with the EBNA2 peak at the 3’ end of the gene. Thus suggesting EBNA2 and EBNA3 

compete for binding at these sites. Moreover, one of the EBNA2 and EBNA3 overlapping 

site also showed the presence of a high H3K27ac signal (active mark) suggesting it to be 

a potential enhancer. Therefore, it will be interesting to investigate whether EBNA3A 

prevents active hub formation by enhancer-promoter looping or whether it promotes a 

repressive chromatin hub by chromosome conformation capture (CCC). Furthermore, 

ChIP-seq data showed no increase in H3K27me3 (repressive mark) at genes repressed by 

EBNA2 and EBNA3 in PI3K-Akt signalling (Figure 5.11-5.17). This is interesting 

because EBNA3 mediated repression often involves Polycomb repressor complexes 

(PRC) and leads to the silencing of genes by H3K27me3. Whereas, there is no evidence 

for EBNA2 mediated repression involving PRC. Therefore, the binding data suggests the 

repressive effect of EBNA3 on PI3K-Akt signalling genes to be independent of PRC. 

We also observed cell type-specific regulation for some target genes from PI3K-Akt 

signalling by EBNA3 family members. For example, PIK3R3 was activated by EBNA3A, 

EBNA3B and EBNA3C in BL whereas this gene was repressed by EBNA3C in LCLs 

based on the TaqMan array card analysis. Similar observation was shown for EBNA3 

regulation of CCL3 and CCL4 (chemokines) wherein EBNA3A repress the expression of 

these genes in BL and activates them in LCLs (McClellan et al., 2012).  One possible 

reason for cell type-specific regulation could be a result of the relative expression of 

EBNA2 and EBNA3 family proteins in these cell backgrounds. 
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We also observed EBNA2, EBNA3A and EBNA3C repressed INPP5D (SHIP-1) in 

addition to the modulation of other genes such as LYN, SYK, PIK3R1, PIK3R3 and 

PIK3R5 in the PI3K-Akt pathway (Table 5.4 and 5.5). As mentioned earlier, INPP5D 

acts as a negative regulator of the PI3K-Akt pathway leading to reduced phosphorylation 

of Akt (Ser473, Thr308). Although we observed repression of INPP5D which would 

increase active Akt phosphorylation, the net effect of EBNA2 and EBNA3 in LCL and 

BL leads to removal of active phosphorylation on Akt thereby repressing PI3K-Akt 

mediated downstream signalling. One possible explanation for this could be the negative 

effects on upstream components and PIK3R3 and PIK3R5 which override the effects of 

INPP5D repression. To understand whether BCR signalling is repressed by EBNA2 and 

EBNA3 in cells, it will be important to examine their effects when BCR is activated by 

antigen, rather than looking at the steady state effects in the absence of stimulation.  

Overall this chapter confirms the transcriptional regulation of previously identified 

EBNA2 and EBNA3 targets and also identified new targets from BCR signalling. It 

highlights the cooperative and antagonist effect of EBNA2 and EBNA3 proteins on 

cellular reprogramming. Moreover, downregulation of the PI3K-Akt pathway through 

reduced Akt (Ser473, Thr308) phosphorylation suggests a strategy used by EBV to bias 

survival outcomes.  
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6 Discussion 

EBV is a gamma herpesvirus associated with numerous human cancers e.g. Burkitt’s 

lymphoma, Diffuse large B cell lymphoma, Hodgkin’s lymphoma, nasopharyngeal 

carcinoma, gastric carcinoma, AIDS-related lymphomas as well as post-transplant 

lymphoproliferative disease. The virus preferentially infects and immortalise B cells by 

modulating the expression of host genes from several growth and survival pathways such 

as NF-κB, PI3K-Akt, and chemokine receptor signalling pathways. Many cell cycle 

regulatory pathways are also deregulated by the EBNA3 family of proteins thereby 

driving EBV-mediated B-cell transformation. RGC-32, atypical CDK1 activator, is 

expressed in many tissues and has been reported to be deregulated in numerous cancers 

suggesting its role in tumorigenesis. Our laboratory identified RGC-32 expression to be 

upregulated in primary B cells upon EBV infection through relief of Pumilio-mediated 

translational repression. We have shown RGC-32 expression to be crucial for survival of 

EBV-infected cells. Pumilio proteins repress the expression of many cell-cycle regulatory 

proteins including the expression of atypical CDK1 activator, RINGO/Speedy protein 

which is a functional homologue of RGC-32 (Padmanabhan and Richter, 2006). In this 

study, we investigated the role of RGC-32 in regulating G2/M transition. We also 

characterised the molecular mechanism of interaction of RGC-32 with crucial cell-cycle 

regulatory proteins, CDK1 and Spc24-25. Our studies show RGC-32 to activate CDK1 

in vivo through inhibition of Wee1 kinase thereby contributing to our understanding of 

cell cycle regulation by EBV. Interestingly, microarray studies identified Wee1 

repression by EBNA3C in EBV-infected cells further suggesting different mechanisms 

for suppression of the negative effects of Wee1 on G2/M transition in EBV-infected cells.  
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To further understand the role of EBNA2 and EBNA3 in promoting growth and survival 

of infected cells, ChIP-seq experiments were carried out in our laboratory that mapped 

binding sites for EBNA2 and EBNA3 in B cell genome. We found the B cell receptor 

(BCR) signalling as a top enriched pathway for genes close to EBNA2 and EBNA3 

binding sites. We identified the key genes from the BCR signalling pathway that are 

regulated by EBNA2 and EBNA3 and studied the impact of this regulation on the PI3K-

Akt pathway. Our study suggests EBNA2, EBNA3A and EBNA3C proteins to suppress 

PI3K-Akt signalling as a result of reduced active Akt phosphorylation in both Burkiit’s 

lymphoma and Lymphoblastoid cell lines.   

6.1 Molecular characterisation of RGC-32 interaction with cell cycle 
proteins.  

In vitro pull-down studies showed RGC-32 to be able to bind CDK1 (Badea et al., 2002). 

This observation was contradicted by another group as their immunoprecipitation studies 

did not show cyclin B to precipitate with RGC-32 in HEK 293T cells (Saigusa et al., 

2007). These two reports raise a question on whether RGC-32 bind to CDK1 alone rather 

than the CDK1-Cyclin B complex. However, this aspect has not been addressed to date. 

Preliminary studies in our laboratory confirmed the binding of RGC-32 to both CDK1 

and PLK1 from B cell lysates. We further investigated the binding of RGC-32 with CDK1 

using SPR in collaboration with Prof. Jane Endicott. Our results provide the first evidence 

that RGC-32 binds directly to CDK1 with the binding kinetics suggesting RGC-32 to fold 

upon binding which is consistent with the behaviour of a protein with no hydrophobic 

core (Figure 3.5C). However, the binding affinity of RGC-32 to CDK1 improved in the 

presence of cyclin B (Figure 3.5D). This observation was further confirmed by 

Microscale thermophoresis (MST) studies, an analogous biophysical technique that we 
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used to verify the interaction between RGC-32 and CDK1 (Figure 3.8). Importantly, 

RGC-32 could not bind to CDK2-Cyclin A complex confirming a previous observation 

by Badea et al. that RGC-32 does not interact with CDK2-Cyclin A and has specificity 

towards CDK1 (Badea et al., 2002).  

To understand the mode of binding of RGC-32 to CDK1 and a possible role of cyclin B 

in this interaction, a model of the ternary complex between RGC-32 and CDK1-Cyclin 

B (PDB 4YC3) was generated using Z-Dock, an online docking server (Figure 6.1) 

(Pierce et al., 2014). The Z-dock program calculated the model based on every possible 

combination allowed in the translational and rotational space of the two structures, 

evaluating each of the model based on energy-minimising function. We observed RGC-

32 (cyan) to interact exclusively with CDK1 (brown) and make no direct contact with 

cyclin B (green). Also, RGC-32 bound at the opposite side of the activation segment of 

CDK1 (146-173 amino acids). The activation segment of CDK1 provides a platform for 

peptide substrate recognition upon phosphorylation. Therefore, this model suggested that 

RGC-32 may influence CDK1 activity allosterically (Figure 6.1).  A close-up of the 

interaction surface of RGC-32 with CDK1 revealed RGC-32 to interact with CDK1 via 

its region consisting of 26-50 amino acid, an observation that was previously identified 

by pull-down studies carried out by Dr Lina Chen in our laboratory as a region required 

for the RGC-32-CDK1 interaction (Unpublished data). The presence of charged residues 

at the interaction interface suggested an electrostatic interaction (e.g. salt-bridge, H-

bonds) between RGC-32 and CDK1. 
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Figure 6.1 Model of RGC-32 binding to CDK1-Cyclin B complex. 
Dock model of RGC-32-CDK1-Cyclin B ternary complex coloured in cyan, brown and green 
respectively. The activation segment of CDK1(146-173 aa) is coloured in red, C-helix of CDK1(45-59 aa) 
is coloured in orange and the blue region highlights the RGC-32 interaction interface on CDK1. The 
magenta dotted rectangle highlights the region 26-50 amino acids of RGC-32 that was observed to 
be crucial for CDK1 binding in mapping studies. The model shows possible mode of interaction of 
RGC32 with the CDK1-Cyclin B complex (PDB 4YC3). This model was generated using Z-dock 
(Pierce et al., 2014). 
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We observed potential salt-bridge formation between CDK1 K279 and RGC-32 E35, 

CDK1 D289 and RGC-32 K41 and CDK1 K296 and RGC-32 D10 (Figure 6.2).  

Structural studies have shown conformational adjustments in CDK1 upon cyclin B 

binding (Brown et al., 2015). Although most of this conformational change is not 

observed in the C-terminal loop of CDK1 (279-296 amino acids) to which RGC-32 

mainly binds. Significant movement occurs in the C-helix (45-59 amino acids) that spans 

between the cyclin B and RGC-32 binding sites on CDK1 (highlighted by the red dotted 

oval, Figure 6.3). Interestingly, one amino acid residue (H60) from the loop (60-67 

amino acids) was predicted to make contact with RGC-32. It is possible therefore to 

speculate that the conformational changes in this region as a result of cyclin B binding 

might allow positioning of the C-helix (45-59 amino acids) and the loop (60-67 amino 

acids) in a more favorable conformation for RGC-32 to bind. In future, it will be 

important to perform mutagenesis studies to test the model and determine the contribution 

of H60 residue of CDK1 in the interaction with RGC-32 and to mutate key residues in 

the C-terminal loop (276-296 amino acids) and in the 26-51 amino acid region of RGC-

32 to validate their interaction and test their contribution.  

To explore if our model exhibited an interaction of RGC-32 that is specific for CDK1, 

we performed sequence alignment of CDK1 with CDK2. Although CDK1 has 65% 

sequence identity with CDK2, the region of CDK1 that was predicted to interact with 

RGC-32 is not conserved in CDK2 (Figure 6.4). This supports our observation of RGC-

32 binding specifically to CDK1-Cyclin B and not to CDK2-Cyclin A in MST studies.  
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Figure 6.2 Close-up view of the RGC-32-CDK1 binding interface. 
A zoom-in on the model of ternary complex showing the interaction interface between RGC-32 
(cyan) and CDK1 (blue). The figure shows the interaction could be mediated by electrostatic 
interactions as highlighted by presence of lot of charged residues at the interface (CDK1 K279-
RGC-32 E35, CDK K296- RGC-32 D10, CDK1 D289- RGC-32 K41*). Residue H60 in C-helix of 
CDK1 highlighted in magenta. This residue is present in the loop that undergoes conformational 
change when CDK1 is bound to Cyclin B. One pair of interacting residues ‘*’ could not be shown 
in the figure as the residues are buried in the structure.  
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Figure 6.3 Conformational change in CDK1 when bound to Cyclin B. 
Structure of CDK1 in unbound (blue, PDB 4YC6) and Cyclin B-bound (brown, PDB 4YC3) states. 
CDK1 interacting region of Cyclin B is highlighted in green. The red dotted circle highlights the 
region that undergoes conformational changes in CDK1 upon Cyclin B binding. The H60 residue in 
the CDK1 loop (60-67) that possibly makes contact with RGC-32 is coloured in orange.  
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Figure 6.4 Sequence alignment of human CDK1 with CDK2 (65 % sequence identity). 
Sequence alignment of human CDK1 with CDK2 using Clustal Omega online server. The potential RGC-
32 binding sites on CDK1 are highlighted in yellow. The corresponding regions in CDK2 are highlighted 
in grey. The red amino acid residues show the differences between CDK1 and CDK2 within the RGC-32 
binding region.  
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Overall, our model suggested that RGC-32 binds to CDK1 directly and not to cyclin B. 

However, cyclin B might play a role in the interaction between CDK1 and RGC-32 by 

causing a conformational change in the CDK1 structure upon binding which affects the 

RGC-32 interaction region. This would be in agreement with the observations from SPR 

and MST studies where we observed that the affinity of RGC-32 binding is higher in the 

presence of cyclin B. Moreover, the presence of charged residues also suggests that RGC-

32 and CDK1 interact with each other predominantly through electrostatic interactions. 

It would be interesting to solve the three dimensional structure of this complex in 

collaboration with Endicott laboratory to validate the interaction between these proteins. 

During the course of this study, we identified similarity (37 % sequence identity) between 

the 3rd predicted α-helix of RGC-32 and a receptor motif in the N-terminus of a histone-

fold protein CNN-1 from Saccharomyces cerevisiae (Figure 3.10). CNN-1 binds to the 

Spc24-25 heterodimer of the NDC80 complex, a microtubule binding component of 

kinetochore, as a ‘molecular hook’ ensuring the attachment of microtubules to the 

kinetochores (Malvezzi et al., 2013). The interaction of CNN-1 with Spc24-25 requires 

three hydrophobic residues F69, L70 and L73 which bind in a hydrophobic pocket present 

in the yeast Spc24-25 globular domains. The alignment between CNN-1 and RGC-32 

highlighted that two of the interacting residues were conserved in RGC-32 (F106, I107 

and L110) whereas the central Leucine (L) in CNN-1 was an Isoleucine (I) in the 

corresponding position in RGC-32. As we could not express enough of human Spc24-25 

recombinant protein, interaction studies were carried out using chicken Spc24-25 

globular domains (~60 % identity to human) showing direct binding of RGC-32 to these 

heterodimers with high affinity therefore suggesting a specific interaction between these 
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proteins (Figure 3.16). This was further confirmed by immunoprecipitation studies in 

DG75 and HEK 293 cells (Figure 3.17-3.18).  

The crystal structure of yeast CNN-1 in complex with Spc24-25 globular subunits shows 

CNN-1 to adopt a α-helical structure upon binding to Spc24-25 (Malvezzi et al., 2013). 

CNN-1 helix binds in a hydrophobic pocket of Spc24-25 domains through interaction 

with the 1st helix of each Spc24 and Spc25 subunit resulting into a three-helix bundle 

(Figure 6.5A). The crystal structure of the phosphomimetic chicken homologue of CNN-

1 (CENP-T) with chicken Spc24-25 shows CENP-T peptide to consist of two α-helices. 

The 2nd α-helix of CENP-T which has the conserved region with CNN-1 binds in the 

hydrophobic pocket of Spc24-25 similar to CNN-1 (Figure 6.5B) (Nishino et al., 2013). 

Both CNN-1 and CENP-T have majority of binding interface associated with the β-sheet 

of Spc25. However, CENP-T makes an additional contact with the 1st helix of Spc24 

which is not observed in CNN-1-Spc24-25 complex in yeast. Unlike CNN-1, CENP-T 

binds weakly to Spc24-25 and the affinity improves upon phosphorylation on its N-

terminal residues (Thr72, Ser88). These residues are not directly involved in the 

interaction with Spc24-25 but they form a salt-bridge allowing orientation of hydrophobic 

residues of CENP-T towards Spc25 thereby increasing the affinity of their interaction 

(Nishino et al., 2013). We showed RGC-32 to bind more efficiently to Spc25 than Spc24 

in DG75 cells by immunprecipitation studies. This suggests that RGC-32 may behave 

more like CNN-1 in its mode of interaction to Spc24-25 rather than like CENP-T. This is 

further evidenced by the structural similarity between CNN-1 and RGC-32 with Spc24-

25 globular domains (Figure 3.19).  
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Figure 6.5 Crystal structure of CNN-1 (yeast) and CENP-T (chicken) with Spc24-25. 
(A)  CNN-1(60-84 aa) (blue) in complex with Spc24(155-213 aa)  (brown) and Spc25(133-221 aa) (green) (PDB 
4GEQ). (B) Phospho-mimetic complex of chicken CENP-T(69-93 aa) (magenta) with Spc24(134-195 aa) 
(brown) and Spc25(134-232 aa) (green) (PDB 3VZA). The crystal structure also highlights the 
orientation of the CNN1/CENP-T helix while in interaction with the Spc24-25 heterodimer. 
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Interestingly, the interaction of RGC-32 with CDK1 leads to phosphorylation of RGC-

32 on Thr91 (Badea et al., 2002). This residue lies in close vicinity of the Spc24-25 

interaction surface of RGC-32. Although we observed efficient binding of 

unphosphorylated RGC-32 to Spc24-25, it would be interesting to determine whether 

phosphorylation on Thr91 of RGC-32 improves its affinity as a result of additional 

contacts similar to CENP-T. 

6.2 Does RGC-32 localise to kinetochores through interaction with 
Spc24-25? 

Ectopic expression of Myc-RGC-32 in glioma cells (U-87MG) showed the protein to be 

cytoplasmic during interphase. As these cells progressed into prophase, an increased 

RGC-32 signal was observed at the centrosomes and spindle poles with maximal signal 

observed during prometaphase and metaphase (Saigusa et al., 2007). Our localisation 

studies in HeLa cells showed RGC-32 protein to be cytoplasmic during interphase and to 

translocate to the nucleus during prophase (Figure 4.1A). Consistent with the previous 

observation, RGC-32 was also observed at spindle poles during metaphase (Figure 4.1B). 

Live cell imaging studies showed RGC-32 to translocate into the nucleus in a similar 

manner to cyclin B before the breakdown of the nuclear envelope. Cyclin B is known to 

shuttle between the nucleus and cytoplasm as a result of phosphorylation of its serine 

residues in the cytoplasmic retention (CRS) and nuclear export signal (NES). PLK1, a 

key mitotic regulator, promotes this nuclear translocation by phosphorylating cyclin B on 

Ser133 and Ser147 (Toyoshima-Morimoto et al., 2001). Interestingly, RGC-32 does not 

have a nuclear localisation signal (NLS), therefore the translocation of RGC-32 could 

possibly be mediated upon binding to the CDK1-Cyclin B complex. Live cell imaging 

studies were also carried out to determine whether RGC-32 co-localises with CENP-A, a 
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kinetochore marker, as a result of interaction with Spc24-25 kinetochore subunit. 

However, CENP-A did not localise to the kinetochores but marked the entire 

chromosome making it difficult to study co-localisation of these proteins. 

Previous pull-down studies in our laboratory showed RGC-32 to bind both CDK1 and 

PLK1 in B-cell lysates. Further, mapping studies using C-terminal truncation constructs 

were carried out to determine the binding sites of PLK1 on RGC-32 (Dr Lina Chen). 

These pull-down studies showed PLK1 to bind to a distinct but adjacent region to the 

CDK1 interacting region. While the CDK1 interacting region was mapped to amino acids 

26-50 on RGC-32, PLK1 binding was mapped to amino acids 51-75 on RGC-32 

(unpublished data). However, we do not know yet whether these kinases bind 

simultaneously or sequentially to RGC-32. To address this a three-way pull-down or 

immunoprecipitation study could be carried out in future. Since PLK1 is known to 

stabilize the kinetochore-microtubule attachment, interaction of RGC-32 with PLK1 is 

interesting as RGC-32 has also been shown to bind directly to Spc24-25 heterodimer of 

kinetochore (Figure 3.15B). PLK1 localises to kinetochores during prometaphase to 

stabilise the initial kinetochore-microtubule attachments. During metaphase, PLK1 signal 

decreases dramatically at the kinetochores to relieve the PLK1-mediated suppression of 

bioriented kinetochore-microtubules dynamics (Liu et al., 2012). Several studies have 

reported nuclear proteins that aid the recruitment of PLK1 to kinetochores are also a 

substrate of CDK1. A role for Bub1 (Budding uninhibited by benzimidazole 1) in the 

recruitment of PLK1 to the kinetochores has been reported. Bub1 is a serine/threonine 

kinase that localises to kinetochores during mitosis and plays a role in the spindle 

checkpoint (Taylor et al., 2001, Qi et al., 2006). The recruitment of PLK1 by Bub1 at 

kinetochores is dependent on CDK1 phosphorylation of Bub1 at Thr609 and binding of 
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Bub1 to the polo-box domain (PBD) of PLK1 (Qi et al., 2006). Another group reported 

recruitment of PLK1 to kinetochores to be mediated by a cytoplasmic linker protein 

(CLIP) 170. The interaction between CLIP-170 and PLK1 is dependent on the binding of 

CLIP-170 to the PBD of PLK1 and phosphorylation of CLIP-170 on Thr287 by CDK1 

(Amin et al., 2014). Recently, a role of PLK1 in the maintenance of spindle assembly 

checkpoint (SAC) has also been reported. This function of PLK1 is dependent on binding 

of PLK1 to Bub1 and not CLIP-170 (Ikeda and Tanaka, 2017). RGC-32 has the ability to 

bind PLK1 via its PBD and has been shown to be phosphorylated by PLK1 (Saigusa et 

al., 2007). Since RGC-32 act as a substrate of CDK1 and interacts with Spc24-25 subunit 

of the kinetochore, it would be interesting to investigate whether RGC-32 plays a similar 

role to Bub1 and CLIP-170 in the recruitment of PLK1 to the kinetochore. It will also be 

interesting to examine whether the interaction of RGC-32 with CDK1 and PLK1 is 

temporal and occur as a two-stage process. For example, RGC-32 could first interact with 

CDK1 during the G2/M transition leading to RGC-32 phosphorylation and subsequent 

activation of CDK1. RGC-32 could then translocate to the nucleus in complex with 

CDK1-Cyclin B. Following translocation and during early prophase, RGC-32 may then 

dissociate from the CDK1-Cyclin B complex and interact with PLK1 during 

prometaphase thereby promoting the recruitment of PLK1 at kinetochores through 

interaction with Spc24-25 subunit (Figure 6.6). This model could be tested by studying 

co-localisation of RGC-32 with PLK1 at the kinetochores during prometaphase using the 

U2OS cdk1as eGFP-RGC-32 stable cell line.  
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6.3 What is the mechanism of RGC-32 mediated activation of CDK1?  

RGC-32 is not homologous to any other human protein but is functionally similar to the 

RINGO/Speedy protein family in Xenopus. RGC-32 increases CDK1 kinase activity in 

vitro similar to RINGO family proteins (Badea et al., 2002). RINGO has the ability to 

bind and induce CDK1 activation in the absence of cyclin B both in vitro and in vivo 

(Ferby et al., 1999). Previous in vitro kinase assays by our laboratory using recombinant 

RGC-32 confirmed the activation of CDK1 (Schlick et al., 2011). However, RGC-32 

binds to CDK1 with higher affinity in the presence of cyclin B suggesting the possibility 

of RGC-32 and RINGO proteins to activate CDK1 could be different. Previous studies 

have reported the inability of RGC-32 to activate CDK1 in the presence of the CDK 

inhibitor p27KIPI (Badea et al., 2002). p27KIPI binds inside the catalytic cleft of CDK 

mimicking ATP thereby leading to cell cycle arrest as a result of inhibition of CDK 

enzymatic activity (Russo et al., 1996, Lloyd et al., 1999). This could mean that binding 

of p27KIPI to CDK1 possibly inhibits CDK1 mediated phosphorylation of RGC-32 in 

addition to other substrates. As phosphorylation of RGC-32 at Thr91 and RGC-32-

mediated activation of CDK1 are interdependent, it would explain the inability of RGC-

32 to activate CDK1 in the presence of p27KIPI. In contrast, RINGO proteins have been 

shown to activate CDK1 in the presence of p27KIPI (Lenormand et al., 1999, Porter et al., 

2002, Barnes et al., 2003). This further supports different modes of atypical activation of 

CDK1 adopted by RGC-32 and RINGO. 

RINGO/Speedy proteins have been shown to promote G2/M progression in Xenopus 

oocytes (Ferby et al., 1999). We carried out mitotic entry studies by specifically inhibiting 

CDK1 activity using an ATP-analogue, 1NM-PP1 in U2OS cdk1as cells inducibly 

expressing eGFP-RGC-32 to investigate RGC-32 mediated CDK1 activation in vivo. In 
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these mitotic entry studies, we showed that there are increased number of mitotic cells in 

the presence of RGC-32 soon after removal of CDK1 inhibition by 1NM-PP1 (Figure 

4.9). Thus implicating a role of RGC-32 in driving cells into mitosis by activation of 

CDK1. Further investigation into the mechanism of activation showed reduced inhibitory 

phosphorylation on Tyr15 of CDK1 in the presence of RGC-32 (Figure 4.13 and 4.14). 

Therefore, the activation of CDK1 by RGC-32 could be a result of inhibition of the Wee1 

kinase which is responsible for inactivating CDK1 by Try15 phosphorylation. During 

G2/M transition, phosphorylation on Ser123 and Ser53 of Wee1 by CDK1-Cyclin B and 

PLK1 respectively initiates a cascade of events leading to degradation of the Wee1 kinase 

(reviewed in (Perry and Kornbluth, 2007)). It would be interesting to determine whether 

RGC-32 inactivates Wee1 kinase by phosphorylation on either of these serine residues 

by fixed cell immunofluorescence using antibodies specific to phosphorylation of serine 

residues of Wee1 kinase.  

Increased phosphorylation on Ser/Thr substrates of CDK was also detected in the 

presence of RGC-32. Binding of small regulatory proteins to CDK1 plays an important 

role in controlling critical events of the cell cycle. Cyclin-dependent kinase subunit (Cks) 

proteins, Cks1 and Cks2, bind to CDKs and cyclins (Zhang et al., 2004). Binding of Cks 

proteins to CDK1 enhances the phosphorylation of selected substrates at mitosis (Patra 

et al., 1999). It is possible that RGC-32 could play a similar role to Cks proteins resulting 

in increased phosphorylation of particular CDK substrates. Saigusa et al. reported 

overexpression of RGC-32 to delay mitotic progression in HeLa cells suggesting a role 

of RGC-32 in inhibition of mitotic exit (Saigusa et al., 2007). Interestingly, preliminary 

localisation studies of RGC-32 in HeLa cdk1as cells showed cells expressing RGC-32 

remained in early mitosis (prophase) for longer as compared to control population (data 
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not shown). During mitotic exit, active APC/C (Anaphase promoting complex/ 

cyclosome) degrades cyclin B by ubiquitination during the metaphase-anaphase 

transition (Hershko et al., 1991). This leads to dephosphorylation of the mitotic substrate 

due to reduced CDK1 activity eventually resulting into mitotic exit (Wheatley et al., 

1997, Kramer et al., 2000). It could be possible that RGC-32 delays mitotic exit by 

keeping CDK1 active for longer duration. We carried out preliminary experiment to 

address this phenomenon. Mitotic exit in cells expressing RGC-32 was studied by treating 

cells synchronised in mitosis with different concentration of 1NM-PP1, as inhibition of 

CDK1 should push cells out of mitosis. The percentage of cells exiting mitosis was 

obtained by counting the number of mitotic cells versus interphase cells using the nuclear 

stain (SiRDNA). The difference between control and RGC-32 expressing cells exiting 

mitosis was not very high (data not shown) and would need further optimization in future.  

6.4 Role of BCR signalling in Leukemia and B cell lymphomas. 

B-cell receptor decides the fate of B cells by guiding the development of immature B-

cells either into Germinal center B-cell (Plasma and Memory) or Marginal zone B-cell 

(Yam-Puc et al., 2018). BCR signalling is critical for promoting growth and survival of 

normal B cells and it can induce apoptosis of malignant B cells (Niiro and Clark, 2003). 

There has been increasing evidence of the BCR signalling pathway being involved in a 

variety of B cell lymphomas such as activated B-cell like (ABC) Diffuse large B-cell 

lymphoma (DLBCL) and follicular lymphoma. It has been shown to play a central role 

in the genesis of Chronic lymphocytic leukaemia (CLL) and therapeutic studies using 

kinase inhibitors for SYK, BTK and PI3K (Fostamatinib, Ibrutinib and Idelalisib) have 

shown to be effective in the treatment of CLL (reviewed in (Burger and Chiorazzi, 2013) 

therefore suggesting activation of the PI3K-Akt pathway in CLL.  
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We have now shown EBNA2 and EBNA3 to target multiple pathways downstream of 

BCR highlighting their role in the regulation of BCR mediated survival and growth of 

infected cells. TaqMan array card analysis in Burkitt’s lymphoma (BL) and 

Lymphoblastoid cell lines (LCLs) showed majority of the genes from calcium signalling 

and PI3K-Akt signalling to be repressed by EBNA2 and EBNA3 proteins (Table 5.4 and 

5.5). This thesis focused on the effects of EBAN2 and EBNA3 on the PI3K-Akt pathway 

in which regulation of some of the target genes was observed to be cell-type specific for 

example PIK3R3, which could be due to the difference in signalling pathways between 

cell backgrounds. In Burkitt’s lymphoma, several signalling pathways are distorted 

during the outgrowth of cell line especially the constitutive activation of MYC via 

translocation. Whereas, LCLs are established by EBV-infection of naïve B cells in vitro, 

providing more physiological relevance to EBV-infection of B cells. Irrespective of the 

differences in mRNA regulation between different cell backgrounds, we found the net 

effect of EBNA2, EBNA3A and EBNA3C proteins in both cell background lead to the 

suppression of the PI3K-Akt pathway as a result of reduced active phosphorylation of 

Akt (Thr308, Ser473) (Figure 5.21-5.23). EBV also exploits BCR signalling through the 

function of its latent membrane proteins LMP1 and LMP2A. LMP2A mimics active BCR 

by associating with SYK and LYN protein tyrosine kinases as well as it has the ability to 

block active BCR through recruitment of E3 ubiquitin ligase which leads to degradation 

of SYK and LYN tyrosine kinases (Burkhardt et al., 1992, Miller et al., 1993). Blocking 

of BCR by LMP2A reduces intracellular calcium mobilization in cells. LMP1 is known 

to activate the PI3K-Akt pathway by phosphorylation of Akt on Ser473 (Dawson et al., 

2003). This positive and negative modulation of BCR signalling by EBV latent proteins 

could be a strategy employed by the virus to promote growth-survival balance of EBV-
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infected cells. Additionally, as BCR signalling plays a role in differentiation, suppression 

of BCR-mediated downstream signalling may enable the virus to maintain viral 

persistence without the activated blasts undergoing differentiation into plasma cells.  

BCR-mediated PI3K-Akt signalling has generally been reported to be activated in B-cell 

lymphomas which contradicts with our observation in BL and LCLs. A possible 

explanation for this could be the steady state of BCR in these cell lines. It will be 

important to stimulate BCR signalling by antigen in these cells and examine the effects 

of EBNA2 and EBNA3 regulation on PI3K-Akt signalling. A role of the 

microenvironment in controlling BCR signalling in B-cell malignancies has also been 

reported (reviewed in (Rickert, 2013)) which could not be investigated in our studies. 

Therefore, it would be important to take into account the effect of cross-talk between the 

BCR signalling and various microenvironment factors. Moreover, PI3K and Akt are 

involved in many other signalling pathways and can be induced by various receptors such 

as Integrin, RTK (receptor tyrosine kinase) and Cytokine in addition to BCR. EBV is 

known to downregulate genes from integrin receptor signalling pathway (McClellan et 

al., 2012). Therefore, the net effect of EBNA2 and EBNA3 observed on PI3K-Akt 

signalling may not be specific to BCR pathway and will need further examination of 

upstream signalling molecules to fully elucidate EBNA2 and EBNA3 mediated 

regulation of the PI3K-Akt pathway.   

In summary, our studies have unravelled some of the important aspects of EBV-mediated 

growth and survival of infected cells. We identified a key function of RGC-32 in G2/M 

transition by activation of CDK1 through the removal of ‘inactivating’ phosphorylation 

on Tyr15 of CDK1. We also identified a new pathway regulated by EBNA2 and EBNA3 
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and showed negative regulation of the PI3K-Akt pathway through decreased ‘activating’ 

phosphorylation of Akt by EBNA2, EBNA3A and EBNA3C. These findings from our 

study help us increase our understanding of how EBV immortalises B cells and promotes 

lymphoma development.  
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7 Appendix 

7.1 Antibodies (Western Blotting) 

Antibody Host Dilution Type Reference/Company 

Anti-PLK1 Mouse 1:1000 monoclonal Abcam (#ab 14210) 

Anti-Spc24 Rabbit 1:500 monoclonal Abcam (#ab 157184) 

Anti-Spc25 Rabbit 1:250 polyclonal Abcam (#ab 20679) 

Anti-RGC-32 Rabbit 1:2000 polyclonal In-house (#ab 2818) 

Anti-Cyclin B1 Rabbit 1:200 polyclonal Santa cruz biotechnology 
(#SC752) 

Anti-Cyclin B2 Mouse 1:500 monoclonal Santa cruz biotechnology 
(#SC28303) 

Anti-CDK1 
Rabbit 1:1000 monoclonal Abcam (#ab133327) 

Mouse 1:1000 monoclonal Invitrogen (#33-1800)  

Anti-Cyclin A2 Mouse 1:200 monoclonal Abcam (#ab 38) 

Anti-GFP Rabbit 1:1000 polyclonal Life technologies (#A6455) 

Anti-FLAG M2 Mouse 1:1000 monoclonal Sigma (#F1804) 

Anti-IRF4  Goat 1:2000 polyclonal Santa cruz biotechnology 
(#SC6059x) 

Anti-LMP1 Mouse 1:300 monoclonal Abcam (#ab78113) 
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Antibody Host Dilution Type Reference/Company 

Anti-Akt (pan) Rabbit 1:500 monoclonal Cell signalling technologies 
(#C67E7) 

Anti-Akt 
(phospho T308) Rabbit 1:500 monoclonal Cell signalling technologies 

(#13038) 

Anti-Akt 
(phospho S473) Rabbit 1:400 monoclonal Cell signalling technologies 

(#4060) 

Anti-Actin Rabbit 1:2000 polyclonal Sigma (#A2066) 

Anti-EBNA1 
(M. Stacey 
serum) 

Human 1:200 polyclonal Gift from M. Rowe. 

Anti-EBNA3C Mouse 1:300 monoclonal E3CA10 (Gift from M. Rowe, 
(Maunders et al., 1994) 

Anti-EBNA3A Sheep 1:500 polyclonal Exalpha Biologicals (#F115P) 

Anti-EBNA3B Sheep 1:500 polyclonal Exalpha Biologicals (#F120P) 

Anti-Actin Rabbit 1:2000 polyclonal Sigma (#A2066) 

7.2 HRP-conjugated Antibodies 

Substance Dilution Reference/Company 

Anti-mouse IgG 1:3000 Cell signalling technologies 

Anti-rabbit IgG 1:3000 Cell signalling technologies 

Protein A  1:1000 Amersham 
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7.3 Primary Antibodies (Immunofluorescence) 

Antibody Host Dilution Information 
Reference/Co
mpany 

Anti-Phospho 
CDK1(Tyr15) Rabbit 1:50 monoclonal 

Cell signalling 
technologies 
(#4539) 

Anti Phospho- CDK 
substrate Motif (K/H) 
pSP 

Rabbit 1:100 monoclonal 
Cell signalling 
technologies 
(#9477) 

Anti-FLAG M2 Mouse 1:500 monoclonal Sigma (#F1804) 

7.4 Fluorescence-conjugated Antibodies 

Substance Dilution Reference/Company 

Alexa594 anti-mouse 1:2000 Life Technologies (#A31624) 

Alexa594 anti-rabbit 1:2000 Life Technologies (#A31632) 

Alexa647 anti-mouse 1:2000 Life Technologies (#A21235) 

Alexa647 anti-rabbit 1:2000 Thermofisher (#A31573) 
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7.5 Primer sets for real-time PCR analysis  

Target gene Sequence 

GAPDH 
MW 84 (forward) TCA AGA TCA TCA GCA ATG CC 

MW 85 (reverse) CAT GAG TCC TTC CAC GAT ACC 

ADAMDEC1 
MW 486 (forward) AGA TCC ACG ACC ATG CTC AGC T 

MW 487 (reverse) GTG ACA TCA CTC CTA CAA GAG CC 

Actin 
MW 417 (forward) CTG GCA CCA CAC CTT CTA CA 

MW 418 (reverse) TAG CAC AGC CTG GAT AGC AA 

RGC-32 
(exon 3) 

MW 86 (forward) TTA TAG GAA CAG CTT CAG CTT C 

MW 87 (reverse) CTG AGG AGT GAC AGT GGC AG 

β-globlin 
MW 1447 (forward) TTA GCT GTG CTC GCG CTA CTC T 

MW 1448  (reverse) TGG TTC ACA CGG CAG GCA TAC T 

CD21  

(CR2) 

MW 1132 (forward) TCT TGG CTC TCG TCG CAC 

MW 1133 (reverse) TTA TCA CGG TAC CAA CAG CAA TG 

MYC 
MW 1127 (forward) TCA AGA GGT GCC ACG TCT CC 

 MW 1128 (reverse) TCT TGG CAG CAG GAT AGT CCT T 

EBNA 3A MW 1816 (forward) CCC CTT AAC TCA ACC CAT TAA CC 
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Target gene Sequence 

MW 1817 (reverse) CCC CTT AAC TCA ACC CAT TAA CC 

EBNA 3B 
MW 405 (forward) CCC CTT AAC TCA ACC CAT TAA CC 

MW 406 (reverse) CCC CTT AAC TCA ACC CAT TAA CC 
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7.6 Primer sets for PCR  

Gene Sequence 

ROAS26 left arm 
P1 (forward) CTA GCC TCT TGT CGC CGA TT 

P2 (reverse) 
GCC AGT AAT GGA GTT TCA CCT GTC 
ATT TTC 

ROSA26_eGFP-
RGC-32 

 

MW 1632 
(forward) 

CGC ACG CGT ATC GAT AAT GGT GAG 
CAA GGG CGA G 

MW 1633 
(reverse) 

CAG AGA TCT GGA TCC ATC ACA TAC 
TTG CTA AAG TTT TGT CAA G 

ROSA26_integration MW 1739, P3 
(forward) 

GAG TTT CCT TGT CGT CAG GCC T 

pGEX6P3_FLAG 
RGC-32 

MW 1787 
(forward) 

CTG TTC CAG GGG CCC CTG GGA TCC 
ATG GAC TAC AAA GAC GAT GAC GAC 

MW 1788 
(reverse) 

TCG TCA GTC AGT CAC GAT GCG GCC 
GCT CAC ATA CTT GCT AAA GTT TTG 
TCA AGA TCA GC 

SfiIRGC-32 ORF 

MW 592 
(forward) 

CGG GCC TCA CTG GCC TCA CAT ACT 
TGC TAA AGT 

MW 593 
(reverse) 

GCG GCC TCA CTG GCC TCT AGA ATG 
AAG CCG 

pEGFPN1-RGC-32 

MW 1769 
(forward) 

CGA ATT CTG CAG TCG ACG GTA CCA 
GTC GAC TCT AGA ATG AAG CCG C 

MW 1772 
(reverse) 

CAC CAT GGT GGC GAC CGG TCC GGT 
ACC GGA TCC GCA CAT ACT TGC TAA 
AGT TTT 
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7.7 siRNA Sequences 

Gene Name RNA Accessions Reference/Company 

Cyclin B1 NM_031966.3 
Dharmacon SMARTpool 

 (#L-003206-00-0005) 

Cyclin B2 NM_004701.3 
Dharmacon SMARTpool 

 (#L-003207-00-0005) 

AllStars Negative 
control siRNA - Qiagen (#1027280) 
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7.8 Plasmids  

Plasmid Information Generated by/ 
Company 

pEGFPC3 Mammalian expression vector for N-
terminal GFP-tagged protein. Clontech 

pEGFPC3_RGC-32 
RGC-32 was amplified from pFLAG RGC-
32 and cloned into pEGFPC3 as a 
KpnI/BamHI fragment. 

Generated by 
Sarika Khasnis 

ROSA26_eGFP RGC-
32 

eGFP-RGC-32 was amplified by PCR from 
pEGFPC3RGC-32 using ROSA26_eGFP-
RGC-32 primer set. Both insert and 
ROSA26 MCS vector were digested with 
AgeI followed by Gibson assembly, 
allowing the insert to anneal to single-
stranded regions of the vector. 

Generated by 
Sarika Khasnis 

pRTS-1_RGC-32 

RGC-32 open reading frame was amplified 
by PCR from pFLAG RGC-32 using 
primers SfiI RGC-32 ORF primer set. The 
PCR product with the SfiI site introduced 
was then cloned into the SfiI sites of pUC19 
SfiI (gift from Prof. G. Bornkamm). An SfiI 
fragment containing the RGC-32 ORF was 
then excised and cloned into the SfiI sites of 
pRTS-1 (gift from Prof G. Bornkamm) 
replacing the luciferase gene. 

Generated by 
Sarika Khasnis 

pFLAG_RGC-32 

RGC-32 was amplified from BJAB E3C-4 
(Wang et al., 1990) cDNA using the RGC-
32 primer set and cloned into pFLAG-
CMV-2 as an Xba1/BamH1 fragment. 

Generated by 
Helen Webb 

pGEX6P3_RGC-32 
RGC-32 was amplified from pFLAG 
RGC-32 and cloned into pGEX-6P3 as a 
BamHI/NotI fragment 

 

Generated by 
Lina Chen 
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Plasmid Information Generated by/ 
Company 

pGEX6P3_pFLAG-
RGC-32 

pFLAG-RGC-32 was amplified by PCR 
from pFLAG-RGC-32 using primers 
containing vector and insert sequences. T4 
DNA polymerase was then used to resect 
regions of the pGEX6P3 vector, allowing 
the insert to anneal to single-stranded 
regions of the vector. 

Generated by 
Sarika Khasnis 

P3E (Amp) Bacterial expression vector for N-terminal 
GST tagging. 

Gift from Dr 
Chrisostomos 
Prodromou 

p3E (Kan) Bacterial expression vector for N-terminal 
GST tagging. 

Gift from Dr 
Chrisostomos 
Prodromou 

p3E (Amp)_ChSpc24 
ChSpc24 was amplified from p2E (Amp)-
ChSpc24 into p3E (Amp) as a 
NdeI/HindIII fragment 

 

Generated by 
Sarika Khasnis 

p3E (Kan)_ChSpc25 
ChSpc25 was amplified from pET28b 
(Kan)-ChSpc25 into p3E (Kan) as a 
NdeI/HindIII fragment 

 

Generated by 
Sarika Khasnis 

p3E (Amp)_HSpc24 
HSpc24 was amplified from p2E (Amp)-
HSpc24 into p3E (Amp) as a NdeI/HindIII 
fragment 

Generated by 
Sarika Khasnis 

p3E (Kan)_HSpc25 
HSpc25 was amplified from pET28b (Kan)-
HSpc25 into p3E (Kan) as a NdeI/HindIII 
fragment 

Generated by 
Sarika Khasnis 
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7.9 Cell Lines 

 Cell line EBV status Description Reference 

HeLa Negative 
Human cervical carcinoma from a 31-
year old woman transformed by HPV-
8. 

(Scherer et al., 
1953) 

U2OS Negative 

Human osteosarcoma cell line 
cultivated from the bone tissue of a 
fifteen-year-old Female suffering 
from sarcoma of tibia. 

- 

HEK 293 Negative 
Human embryonic kidney (HEK) 
cells with sheared fragments of human 
adenovirus type 5 (Ad5) DNA 

- 

BJAB Negative African lymphoma originally classed 
as BL but lacks c-myc translocation. 

(Menezes et al., 
1975) 

DG75 Negative 
BL from the pleural effusion of a 10-
year- old boy with Burkitt’s 
lymphoma. 

(Ben-Bassat et al., 
1977) 

IB4 Positive 
(Latency III) 

Umbilical cord B-lymphocytes 
infected with EBV strain B95-8 
carrying a deletion of EBV C 
promoter (Cp). 

(Yandava and 
Speck, 1992)   

Mutu III Positive 
(Latency III) 

African BL derived from a 7-year-old 
black male. Mutu BL drifted in culture 
to express a latency III pattern. 

(Gregory et al., 
1990) 

GM12878 Positive 
(Latency III) 

Lymphoblastoid cell line transformed 
by EBV from the blood of a female 
donor with northern and western 
European ancestry.  

- 
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7.10 List of cell lines used for microarrays 

Cell line Description Reference 

EBNA3A 
KO LCL 

LCLs established by infecting with a recombinant virus 
lacking entire ORF of EBNA3A. 

(Hertle et 
al., 2009) 

EBNA3A 
KO BL31 

EBV-negative BL31 infected with recombinant virus 
lacking EBNA3A. 

(White et 
al., 2010) 

EBNA3B 
KO BL31 

EBV-negative BL31 infected with recombinant virus 
lacking EBNA3B. 

EBNA3C 
KO BL31 

EBV-negative BL31 infected with recombinant virus 
lacking exon 2 of EBNA3C. 

EBNA3 KO 
BL31 

EBV-negative BL31 infected with recombinant virus 
lacking EBNA3A,3B and 3C. 

EBNA3B 
KO LCL 

LCLs established by infecting with a recombinant virus 
lacking entire ORF of EBNA3B. 

EBNA3B-
/3C low 
LCL 

LCLs established by infecting with a recombinant virus 
lacking EBNA3B and the expression of EBNA3C is 
low in these cells. 

(Chen et al., 
2005) 

EBNA3C 
BJAB 

EBV-negative B cell lymphoma transfected with 
plasmid stably expressing EBNA3C. 

(McClellan 
et al., 2012) 

EBNA3C 
HT LCL 

LCLs established by infecting with a recombinant virus 
with EBNA3C fused to oestrogen receptor that can b 
induced by hydroxytamoxifen (HT). 

(Zhao et al., 
2011b) 

EBNA 
E2HTF LCL 

LCLs established by infecting with mutant 
recombinant EcoA cosmid-rescued P3HR1 EBV. 

(Zhao et al., 
2006) 
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Cell line Description Reference 

ER/EBNA2 
BL41 

EBV-negative BL41 transfected with a plasmid 
expressing a ß-estradiol conditional EBNA2. 

(Maier et 
al., 2006) 

ER/EBNA2 
BJAB 

EBV-negative B cell lymphoma transfected with a 
plasmid expressing a ß-estradiol conditional EBNA2. 

EREB 2.5 EBV-immortalised LCL that expresses a conditionally-
active oestrogen receptor (ER)-EBNA2 fusion protein. 

(Spender et 
al., 2006) 
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