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Uncovering novel roles of Cyclophilin A in Genome 

Stability, Cell Cycle and Cancers 

Summary 

Genome instability is a hallmark of cancer arising from defects in DNA repair (DNA-R) 
and cell cycle checkpoint networks. DNA-damaging agents are well-established cancer 
therapeutics that systemically increase the DNA damage burden to levels no longer 
conducive to viability. Therapy resistance and off-target induced morbidities are 
common. Therefore, better targeted and personalised treatment strategies are 
urgently required. Synthetic lethal (SnL) approaches exploiting cancer-specific 
dependencies upon specific genome stability pathways are gaining clinical relevance. 
Cyclophilin A (CyPA) is a peptidyl-prolyl cis-trans isomerase (PPI). CyPA inhibitors 
(CyPAi) are clinically established. CyPAi as a rational anti-cancer SnL strategy has not 
yet been advocated, although work from the O’Driscoll lab shows that CyPAi/loss or 
inhibition induces DNA breakage, hinders DNA-R, and impacts cell cycle progression. 
This thesis describes novel impacts of CyPAi and loss upon genome stability and cell 
cycle progression. These findings may have clinical implications for the repurposing of 
existing CyPAi’s as a targeted therapeutic for specific cancers. Multiple myeloma (MM) 
is a haematological malignancy characterised by aberrant elevated homologous 
recombination repair (HRR). I explore the response of MM patient-derived cell lines to 
CyPAi. Additionally, I describe a novel interaction between ILF2/NF45 and CyPA. ILF2 
has recently been identified as a driver of recurrent, drug-resistant MM. 
Neuroblastoma (NB) patients with amplification of MYCN (MYCNAMP) have aggressive 
disease and poorer outcomes. MYCNAMP induces replication stress. I examine the 
response of MYCNAMP and MYCNWT NB patient-derived cell lines to CyPAi. Finally, I 
present data showing a role for CyPA in cell cycle progression, describing novel CyPA-
interactions with key cell cycle proteins and marked disruption of G1-S and G2-M 
transit when CyPA function is ablated.  
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1.1 The DNA Damage Response 

Genome stability is vital for proper cellular function in the face of continual genetic 

damage, with deleterious implications for human health when the processes 

maintaining genome stability fail (Wang and Lindahl, 2016). Cells are constantly 

exposed to endogenous and exogenous forms of DNA damage, which can cause 

mutations and genome instability if unrepaired (Friedberg et al., 2004). Genome 

instability is defined by the increased tendency of genomes to acquire mutations or 

genome alterations, driving pathogenesis in many diseases and cancers (Negrini et al., 

2010). Genome instability can arise when the DNA damage response pathways and/or 

DNA damage repair pathways of the cell are dysfunctional (Bartek, 2011).  

 Cells encounter a diverse range of DNA damage which are repaired by a 

plethora of DNA repair processes (Figure 1.1.1) (Hakem, 2008). Exposure to ultraviolet 

B (UVB) can directly damage DNA, whereby the UVB photon is absorbed by the DNA, 

generating cyclobutene pyrimidine dimers and 6–4 pyrimidine–pyrimidone 

photoproducts (Rastogi et al., 2010). These are bulky lesions that perturb normal DNA 

replication and transcription and are repaired by nucleotide excision repair (NER) 

pathway. Ultraviolet A (UVA) exposure can generate reactive oxygen species (ROS) 

which cause oxidative base damage such as the 8-hydroxyguanine mutagenic lesion 

(Kamenisch et al., 2018). During DNA replication 8-hydroxyguanine is mispaired with 

an adenine residue, resulting in GC to TA transversion mutations. These lesions are 

usually repaired by base excision repair (BER). ROS are also produced endogenously, 

representing an additional route of oxidative base damage including: ribose-sugar 

modification, abasic sites and single-stranded DNA breaks (SSBs). SSBs can also arise 

from exposure to ionising radiation (IR) and from endogenous DNA processes failing 

such as from replication problems and errors with DNA topoisomerases (Jakobsen et 

al., 2019; Khoronenkova and Dianov, 2015). These are repaired by the SSB repair 

pathway involving poly (ADP-ribose) polymerase-1 (PARP1) (Strom et al., 2011). 

Mismatched DNA bases or small loops can form from DNA polymerase errors which 

are repaired by the mismatch repair (MMR) pathway (Hsieh and Yamane, 2008). 
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 DNA double-strand breaks (DSBs) can arise from a range of DNA perturbations 

and are repaired by two main repair pathways: homologous recombination (HR) and 

non-homologous end joining (NHEJ) (Mehta and Haber, 2014). IR exposure can create 

radiolysis radicals (e.g. O2-, .OH, H2O2) which attack the sugar-phosphate backbone of 

DNA, creating a single strand break (Thompson, 2012). Following high dose IR, two 

nicks can occur on complementary strands within a single helical turn of the DNA 

which can form a DSB (Milligan et al., 1995). There are around 10 SSBs for each DSB 

created by IR (Ma et al. 2012). DSBs can also arise from replication errors when the 

replication fork is perturbed by: DNA backbone nicks, covalently attached DNA 

topoisomerase 1, lesions such as UV photo dimers, transcription machinery and DNA 

structures such as palindromes (Mehta and Haber, 2014).  

 
Figure 1.1.1 Schematic of types of DNA damage and their respective DNA repair pathways. 
Endogenous and exogenous stimuli can cause various types of DNA damage. Normal cells 
repair this damage by highly regulated DNA repair pathways. Figure adapted from: (McKinnon, 
2009). 

 
 Cells are equipped with many mechanisms to overcome DNA damage and 

prevent genomic aberrations, such as: activating DNA repair pathways, replicating past 

unrepaired damage and activating cell cycle checkpoints, to enable sufficient time to 

repair DNA damage before continuing the cell cycle (Wang and Lindahl, 2016). Failing 

effective DNA repair, cells activate pathways inducing apoptosis or senescence. 

Defects can arise in the cellular responses to DNA damage and DNA repair pathways 

which leads to genome instability and can manifest as congenital DNA repair 

developmental disorders and cancers. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142968/#A016428C77
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1.1.1 Signalling from DNA breaks- The PIKK family 

Phosphatidylinositol 3-kinase-related kinases (PIKKs) are a family of large proteins with 

conserved serine/threonine kinase domains (Blackford and Jackson, 2017; Falck et al., 

2005). The PIKKs have key functions in initiating the DNA damage response to repair 

DNA double strand breaks (DSBs) and single strand breaks (SSBs). Members of this 

family include: DNA-dependent protein kinase catalytic subunit (DNA-PKcs), Ataxia 

Telangiectasia-Mutated (ATM) and ATM and Rad3 related (ATR) (Figure 1.1.2). The 

PIKKs do not detect DNA damage directly but are recruited to DNA breaks through a 

conserved mode of interaction with their respective damage sensors (Falck et al., 

2005; Hiom, 2005). DNA-PKcs is recruited to DSBs by its damage sensor KU (KU70/80 

heterodimer) and promotes the repair of DSBs by a pathway known as non-

homologous end joining (NHEJ) (Davis et al., 2014). ATM is recruited to DSBs through 

its interaction with MRN, a complex of the three proteins MRE11, RAD50 and NBS1 

(Falck et al., 2005). ATR is recruited to SSBs by its partner protein ATR-interacting 

protein (ATRIP), which recognises single stranded DNA coated with replication protein 

A (RPA) (Falck et al., 2005). ATM and ATR phosphorylate several key proteins that 

initiate activation of the DNA damage checkpoint to arrest the cell cycle, initiate DNA 

repair or apoptosis (Blackford and Jackson, 2017).  

 ATR and ATM phosphorylate the checkpoint kinases, CHK1 and CHK2 

respectively (Bartek and Lukas, 2003). These downstream effector kinases 

phosphorylate and activate proteins involved in cell cycle arrest, preventing damaged 

cells from progressing through the cell cycle. ATR and ATM also activate the tumour 

suppressor p53 which can further cell checkpoint arrest to repair the damage and 

failing repair, induce apoptosis (Banin et al., 1998; Lakin et al., 1999). 

 ATR is crucial in the DNA damage response to repair regions of single-stranded 

DNA (ssDNA) (Zou and Elledge, 2003). ssDNA intermediates are formed in DNA repair 

pathways such as nucleotide excision repair and homologous recombination, leading 

to ATR activation (Giannattasio et al., 2010; Ma et al., 2017). The most common 

activator of ATR is ssDNA regions that arise from replication stress (RS) during S-phase 

when the replication fork (RF) stalls (Flynn and Zou, 2011). RF stalling can occur for 
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many reasons such as: DNA polymerase encountering bulky lesions, common fragile 

sites (CFSs) and interstrand cross-links (Alexander and Orr-Weaver, 2016). With RF 

stalling, the minichromosome maintenance protein complex (MCM2-7) helicase 

uncouples from DNA polymerase and continues to unwind the DNA to generate long 

stretches of ssDNA (Byun et al., 2005). The ssDNA is coated with the replication protein 

A (RPA) complex (RPA1-RPA2-RPA3) to prevent secondary structures forming (Zou and 

Elledge, 2003). The ATR binding partner, ATR interacting protein (ATRIP), recognises 

RPA coated ssDNA and recruits ATR (Cortez et al., 2001). 

 
Figure 1.1.2 PIKKs maintain genome stability by coordinating the cellular response to DNA 
breaks.  DNA-PKcs, ATM and ATR are members of the family phosphatidylinositol 3-kinase-
related kinases (PIKKs). These large serine/threonine kinases are recruited to DNA breaks 
through interaction with their respective DNA damage sensors to initiate a phosphorylation 
cascade of proteins involved in: DNA repair, cell cycle control, DNA replication, transcriptional 
regulation, RNA metabolism, senescence and apoptosis. DNA-PKcs is recruited to DSBs by Ku 
heterodimer (Ku70/80), ATM is recruited to DSBs by MRN complex (MRE11/RAD50/NBS1) and 
ATR is recruited by ATR-interacting protein (ATRIP) to ssDNA coated with RPA (replication 
protein A). Figure from: (Blackford and Jackson, 2017). 

 
 Independent of ATR recruitment, the RAD9–RAD1–HUS1 (9-1-1) clamp, is 

loaded onto the DNA by the RAD17-RFC complex (Lee et al., 2007; Parrilla-Castellar et 

al., 2004). The 9-1-1 complex is similar in structure to proliferating cell nuclear antigen 

(PCNA), forming a clamp around the ds/ssDNA junction and acts as a scaffold for 

downstream effectors. The 9-1-1 complex, with assistance from RAD9–HUS1–RAD1-
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interacting nuclear orphan (RHINO) and the MRE11–RAD50–NBS1 (MRN) complex, 

recruits the ATR activator topoisomerase II binding protein (TOPBP1) (Duursma et al., 

2013). TOPBP1 binds to ATR-ATRIP, hyper-activating ATR kinase activity, initiating ATR-

dependent signalling processes and the phosphorylation of additional downstream 

effectors (Kumagai et al., 2006). CHK1 kinase is phosphorylated by ATR and is the 

principle effector of the ATR signalling pathway (Liu et al., 2000b). CHK1 

phosphorylates many downstream targets to activate the intra S-phase checkpoint, 

block origin of replication firing, and promote RF stability and repair of stalled 

replication forks (Liu et al., 2000b). 

 ATM is activated in response to DNA DSBs to initiate the DNA damage response 

(DDR) (Figure 1.1.3) (Lee and Paull, 2005). The MRN complex (MRE11-RAD50-NBS1) 

senses and binds to DSBs to recruit and activate ATM. ATM exists in undamaged cells 

as an inactive dimer, it undergoes autophosphorylation and dissociation into active 

monomers, with MRN contact.  An early step in this signal transduction pathway is the 

phosphorylation of the H2A histone variant, H2AX, on Ser139 (known as γH2AX) by 

activated ATM (Burma et al., 2001). ATR can also phosphorylate H2AX resulting in a 

similar signalling cascade to that promoted by ATM. ATM also phosphorylates the 

mediator of DNA damage checkpoint protein 1 (MDC1) which binds to γH2AX 

(Jungmichel et al., 2012). MRN binds to phosphorylated MDC1 to tether more ATM to 

the DSB site (Chapman and Jackson, 2008). This allows a positive feedback loop, 

allowing binding of more ATM and further amplification of the signal (Blackford and 

Jackson, 2017). ATM further phosphorylates MDC1 on Thr-Gln-Xaa-Phe (TQXF) motifs, 

which are then recognised by the E3 ubiquitin ligase RING finger 8 (RNF8) (Luo et al., 

2011). RNF8 ubiquitylates H1 forming large ubiquitin chains that recruit another 

ubiquitin ligase, RNF168 (Thorslund et al., 2015). Histone H2A is ubiquitylated at Lys 12 

(H2AK13ub) and Lys15 (H2AK15ub) by RNF168 (Mattiroli et al., 2012). RNF8 and 

RNF168 together create a cascade of chromatin ubiquitylation events around the DSB 

which are recognised by downstream damage response proteins. 53BP1 (p53-binding 

protein 1) is recruited to H2AK15ub and methylated histone H4K20 which are exposed 

due to changes to chromatin structure as a result of the histone ubiquitylation events 

(Fradet-Turcotte et al., 2013; Hartlerode et al., 2012). ATM phosphorylates 53BP1 on 



7 

 

Ser25 which recruits Pax2 transactivation domain-interacting protein (PTIP), a protein 

essential for ATM-mediated phosphorylation of p53 at Ser15 and for up-regulation of 

the cyclin-dependent kinase inhibitor p21 (Jowsey et al., 2004). Rap1-interacting factor 

1 (RIF1) is also recruited to the N-terminal phospho-SQ/TQ domain of 53BP1, 

independently of PTIP (Chapman et al., 2013). RIF1 and the REV7/MAD2L2-SHLD1-

SHLD2-SHLD3 (Shieldin) complex counteracts end resection at the DSB, promoting 

repair by non-homologous end joining (NHEJ) (Boersma et al., 2015; Mirman et al., 

2018). 

 
Figure 1.1.3 ATM mediated DDR signalling from DNA-DSBs.  The DSB sensor MRE11–RAD50–
NBS1 (MRN) complex recruits ATM to induce its auto-phosphorylation and activation. ATM 
initiates signal transduction by phosphorylating various key players in the DNA damage 
response (DDR).  Ser139 on histone H2AX is phosphorylated, known as γH2AX, which 
delineates a chromatin domain around the DSB that is recognized by MDC1 (mediator of DNA 
damage checkpoint protein 1). ATM phosphorylates MDC1 which recruits more MRN 
complexes and ATM, providing a positive feedback loop. ATM further phosphorylates MDC1 on 
Thr-Gln-Xaa-Phe (TQXF) motifs, which are then recognized by the E3 ubiquitin ligase RING 
finger 8 (RNF8). RNF8 ubiquitylates H1 which recruits another ubiquitin ligase, RNF168. 
Together, RNF8 and RNF168 form a cascade of chromatin ubiquitylation events, expanding in 
cis around the DSB, which form docking sites for downstream signalling effectors. A product of 
RNF168 include histone H2A ubiquitylated H2AK15, which is read by 53BP1 (p53-binding 
protein 1). Changes to the chromatin as a result of ubiquitylation exposes histone H4 
methylated on Lys20 (H4K20me2), which is also requited for 53BP1 docking. BARD1, BRCA1-
associated RING domain protein 1; BRCA1, breast cancer 1; PTIP, PAX transactivation domain-
interacting protein; RIF1, RAP1-interacting factor 1. Figure from: (Blackford and Jackson, 2017). 
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Breast cancer susceptibility protein 1 (BRCA1) antagonises 53BP1-mediated NHEJ by 

inducing DNA end resection and promoting DSB repair by homologous recombination 

(HR) (Daley and Sung, 2014). ATM phosphorylates BRCA1 and DNA endonuclease CtBP-

interacting protein (CtIP) which initiates DNA end resection with MRN (Cortez et al., 

1999). The mechanisms of how 53BP1 and BRCA1 counteract each other to prioritise 

either NHEJ or HR repair of DSBs and how this is regulated by ATM is complex and 

subject to cell-cycle control (Figure 1.1.4) (Daley and Sung, 2014). 

 
Figure 1.1.4 53BP1 and BRCA1 control DNA DSB repair pathway choice between HR and NHEJ, 
subject to cell cycle control.  In G1, RIF1 is recruited to DSBs via 53BP1 and prevents 
accumulation of BRCA1 at DSBs, blocking end resection. Hence, 53BP1 promotes DSB repair by 
classical (Ku70/80 and DNA ligase IV dependent) nonhomologous end joining (c-NHEJ). In S/G2, 
CtIP is phosphorylated by S/G2 CDKs, blocking RIF1 binding to 53BP1. This allows for BRCA1 to 
bind to the DSB, triggering CtIP-MRN mediated end resection and promotion of Homology 
directed repair (HDR). Figure from: (Zimmermann and de Lange, 2014). 

 

1.1.2 DSB DNA repair  

DNA double strand breaks (DSBs) are arguably the most dangerous forms of DNA 

damage in absence of functional DNA repair (Schipler and Iliakis, 2013). If unrepaired 

or repaired inaccurately, mutations or chromosomal aberrations (e.g. deletions, 

fusions and translocations) occur, inducing genome instability which can lead to cell 
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death or initiate malignant transformation. The main pathways of DSB repair are non-

homologous end joining (NHEJ) and homologous recombination (HR) (Kakarougkas and 

Jeggo, 2014). 

1.1.2.1 Non-Homologous end joining (NHEJ) 

Non-homologous end joining (NHEJ) is a DSB repair pathway which takes place 

throughout the cell cycle (Chang et al., 2017). Blunt dsDNA ends are ligated and 

therefore a homologous DNA template is not required for repair. This is an error prone 

DSB repair pathway and can result the loss of genetic information. In NHEJ, the DSB is 

initially recognised by KU70/80, which translocate along DNA and bind dsDNA ends 

without specificity (Davis and Chen, 2013). This protects DNA ends from nucleolytic 

degradation and aberrant processing. KU70/80 recruits DNA-PKcs (DNA-PK catalytic 

subunit) to form DNA-PK and initiate NHEJ. DNA-PKcs is a member of the PIKK family 

phosphorylating H2AX, redundantly with ATM, to induce the DNA damage response 

signalling cascade. DNA-PKcs also phosphorylates downstream members of NHEJ 

including XLF/Cernunnos, Artemis, XRCC4 and DNA ligase IV (LIG4). The nuclease 

Artemis and polynucleotide kinase 3'-phosphatase (PNKP) are thought to process DNA 

double strand ends to create 3’OH and 5’P groups required for end ligation. End 

ligation is achieved by LIG4 in complex with XRCC4 and XLF. Cell lines deficient in NHEJ 

are highly sensitive to ionising radiation (IR) and agents that induce DSBs (Woodbine et 

al., 2014).  

1.1.2.2 Homologous Recombination (HR) 

Homologous recombination (HR) is a DSB repair pathway which occurs in late S/G2-

phase of the cell cycle when a sister chromatid is present (Zhao et al., 2017). The sister 

chromatid is used as an undamaged template to repair the DSB and it is therefore 

known as the error-free DSB repair pathway. Resection of the DNA end into a single 

strand overhang is required for HR to occur (Figure 1.1.5). This single stranded DNA 

(ssDNA) can form base pairs directly with the homologous template strand and 

prevent lost genetic information at the DSB site.  



10 

 

 
Figure 1.1.5 End Resection in Homology Directed Repair of DSBs.  (A) BRCA1-BARD1 promotes 
the end resection activity of CtIP. The MRN complex is involved in the initial processing of the 
DSB to allow CtIP to undergo its resection activity. RPA binds to the ssDNA to prevent 
secondary structures forming. (B) Partner of BRCA2 (PALB2) is a scaffold between BRCA1 and 
BRCA2. BRCA2 catalyses the nucleation of RAD51 onto ssDNA ends, replacing RPA. RAD51/DNA 
filament is assembled which can invade duplex DNA and search for sequence homology. 
Adapted from: (Hartlerode and Scully, 2010). 

 
 The initial step of resection involves the coordinate action of the MRN complex 

and the CtIP endonuclease to trim 5’ ends of DSB to create short 3’ single-strand 

overhangs (Sartori et al., 2007).  This resection initiation step allows for further long-

range resection by exonuclease 1 (EXO1) and DNA replication helicase/nuclease 2 

(DNA2) (Nimonkar et al., 2011). Replication protein A (RPA) binds to and coats the 

ssDNA to prevent secondary structures forming. RPA is replaced by RAD51 in a process 

mediated by RAD52 and BRCA2, to form a DNA-protein filament (nucleoprotein 

filament) (Sullivan and Bernstein, 2018). The nucleoprotein filament can search for 

homology on the sister chromatid by invading and assimilating onto duplex DNA, 

displacing one of the duplex strands. After the initial stages of end resection, the HR 

pathway can diverge and give rise to different end-products as outlined in Figure 1.1.6. 

 Following the invasion of the nucleoprotein filament with the sister chromatid, 

a displacement loop (D-loop) is formed (Figure 1.1.6) (Daley et al., 2014; San Filippo et 

al., 2008). The 3’ end of the invading strand is extended by DNA polymerase using the 

sister chromatid as a template, forming a Holliday junction (HJ) structure (Daley et al., 
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2014). The second end of the DSB is then captured within the D loop of the sister 

chromatid and extended on the 3’ end by DNA polymerase also. This results in a 

structure known as the Double-Holliday Junction (dHJ), which can be resolved by 

nucleases to yield either crossover (CO) or non-crossover (NCO) products (Bzymek et 

al., 2010). This is the process of Gene Conversion (GC) which leads to the non-

reciprocal exchange of a DNA sequence (Guirouilh-Barbat et al., 2014). There are a 

variety of redundantly functioning nucleases which can cleave and resolve the dHJ to 

form CO or NCO recombinants, depending on the orientation of cleavage (Matos and 

West, 2014). The choice of nuclease used is based on spatio-temporal availability and 

cell-cycle control (Matos and West, 2014). MUS81-EME1 and SLX1-SLX4 interact to 

form the SLX-MUS complex which resolves both single and double HJs by 

endonucleolytic cleavage, to generate COs and NCOs. A separate pathway of HJ 

resolution involves the GEN1 endonuclease which dimerises on the HJ and engages in a 

2-nick mechanism (Chan and West, 2015).  

 
Figure 1.1.6 Schematic of the major repair pathways in homology directed repair. Following 
end resection, DSB can be processed in various ways. Non-crossover (NCO) and crossover (CO) 
events are indicated. Black triangles represent resolution of double Holliday junctions (dHJs). 
Dashed lines represent new DNA synthesis. GC, gene conversion; SDSA, Synthesis-dependent 
strand annealing; SSA, single-strand annealing;BIR, break-induced replication. Figure adapted 
from: https://cshperspectives.cshlp.org/content/5/12/a010397/F1.expansion.html 
 

 The dHJ can also be disengaged using the mechanism of “dissolution” to 

generate NCO products (Wu and Hickson, 2003). This process involves the BLM 

helicase, a member of the RecQ helicase family, which functions as part of the BLM-

https://cshperspectives.cshlp.org/content/5/12/a010397/F1.expansion.html
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TopoIIIα-RMI1-RMI2 complex (BTR). Defects in the BLM protein gives rise to Bloom 

syndrome patients with a greatly elevated predisposition to spontaneous tumours 

(Cheok et al., 2005). These patients exhibit increased levels of sister chromatid 

exchanges (SCEs) and hyper-recombination phenotypes (Chu and Hickson, 2009). 

 Synthesis-dependent strand annealing (SDSA) is another model of HR, following 

a similar initiation to GC whereby one resected end invades the sister chromatid to 

form a D-loop (Zapotoczny and Sekelsky, 2017). However, in SDSA, the D-loop fails to 

capture the second resected DNA end and a dHJ is not formed. This results in the 

nascent strand de-hybridising from the sister chromatid and annealing to the other 

resected end of the DSB, to form a NCO product. This pathway of repair can be 

problematic and give rise to multiple opportunities for mutagenesis. For example, once 

the nascent strand anneals to the other resected end of the DSB, error-prone single-

stranded gap filling can occur to create lesions with high mutagenic potential 

(Zapotoczny and Sekelsky, 2017). Following release from the sister chromatid D-loop, 

the nascent strand is able to anneal with sequences outside those found at the other 

end of the DSB. This can lead to highly mutagenic chromosomal rearrangements.  

 Single strand annealing (SSA) occurs when the two resected ends anneal to 

each other because of sequence similarity on either side of the DSB (Bhargava et al., 

2016). This is an undesired subset of HR as a sister chromatid is not used as a template 

and can lead to a loss of genetic information. RAD51 inhibits SSA by mediating strand 

invasion (Bhargava et al., 2016).  

 Break-induced replication (BIR) is a subset of HR involved in the repair of one-

ended DSBs formed due to replication fork collapse (Kramara et al., 2018). The 3′ end 

of the strand invades template DNA, allowing for replication fork restart where 

leading/lagging strand replication occurs, potentially copying long tracts from the 

donor DNA molecule. 

1.1.3 Cell Cycle checkpoints  

Cell cycle checkpoints ensure the temporal ordered excecution of separate phases of 

the cell cycle and prevent progression through the cycle in the presence of DNA 
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damage, allowing time for DNA repair (Kaufmann and Paules, 1996). Replicating DNA 

or undergoing cell division with DNA damage can result in mutations and/or genetic 

abnormalities (Stark and Taylor, 2004; Willis and Rhind, 2009). Therefore, cells are 

particularly vulnerable to DNA damage during S-phase and mitosis. Important 

checkpoints activated in response to DNA damage include the G2/M and G1/S 

checkpoints, which halt the cell cycle before mitosis and S-phase respectively (Niida 

and Nakanishi, 2005). If damage is unrepaired, cells can undergo transformation, 

apoptosis or cellular senescence (Jackson and Bartek, 2009). Cell cycle progression is 

regulated by cyclins and cyclin dependant kinases (CDKs) which in complex with each 

other, induce the phosphorylation of downstream effectors to progress the cell cycle 

(Johnson and Shapiro, 2010). 

1.1.3.1 G1/S checkpoint arrest 

The transition from G1 phase to S-phase, and hence DNA replication initiation, is 

regulated by cyclin D-CDK4/6 activity (Barnum and O'Connell, 2014). In early G1, the 

E2F transcription factor, which initiates DNA synthesis of proteins required for S-phase, 

is sequestered by Retinoblastoma (RB1) (Helin, 1998). During G1 phase entry, growth 

factors signalling leads to a rise in cyclin D levels which binds to and activates CDK4 and 

CDK6 to form the cyclin D-CDK4/6 complex. Activated CDK4/6 can mono-

phosphorylate RB1 on one of its 14 CDK phosphorylation sites (Narasimha et al., 2014). 

Mono-phosphorylated RB1 binds to and inhibits E2F, preventing entry into S-phase and 

the cell is said to be arrested at the restriction point (Moser et al., 2018). The 

restriction point is overcome when there is sufficient levels of cyclin E to activate CDK2 

and hyper-phosphorylate all mono-phosphorylated RB1. This releases E2F from its 

inhibition, allowing the transcription of genes required for DNA synthesis and S-phase 

entry (Frolov and Dyson, 2004). This event is irreversible and S-phase entry cannot be 

inhibited at this point (Frolov and Dyson, 2004). 

 ATR and ATM are activated in response to DNA damage which phosphorylates 

the p53 transcription factor on Ser15 leading to its accumulation and activation 

(Kulaberoglu et al., 2016). Active p53 increases the transcription of the CDK inhibitor, 
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p21Cip/Waf1 (Harper et al., 1995). As a result, RB1 is not hyper-phosphorylated and 

remains bound to E2F, halting the progression to S-phase. 

1.1.3.2 G2/M checkpoint arrest 

Progression from G2 phase into mitosis/M-phase is promoted by activated cyclin B-

CDK1 complex, also known as the maturation/mitosis promoting factor (MPF) (Hunt, 

1989). MPF activity is regulated by multiple tightly controlled mechanisms. 

Phosphorylation of CDK1 on Thr14 and Tyr15 by MYT1 and WEE1 kinases inhibits CDK1 

activity. These sites are dephosphorylated by members of the dual specificity 

phosphatase family, CDC25A-C, to activate CDK1. Phosphorylation of CDC25 on Thr130 

by cyclin A-CDK2 during G2 activates the phosphatase (Margolis et al., 2003). 

 The polo-like kinase 1 (PLK1) mediates the activation of CDK1 by 

phosphorylating WEE1 on Ser53, targeting it for ubiquitin-mediated proteasomal 

degradation (Watanabe et al., 2004). PLK1 also activates and induces nuclear transport 

of CDC25A through phosphorylation on Ser198 (Toyoshima-Morimoto et al., 2002). 

These events lead to the net removal of inhibitory phosphorylation from CDK1, 

activating the kinase. Activated cyclin B-CDK1 can phosphorylate and further activate 

CDC25A on Ser214 and phosphorylate WEE1 on Ser123 to inhibit its activity (Bulavin et 

al., 2003). These phosphorylation events by cyclin B-CDK1 result in a positive feedback 

loop and further CDK1 activation. 

 Figure 1.1.7 outlines the further control of the G2/M transition through the 

antagonising actions of Greatwall Kinase (GWL/MASTL) and protein phosphatase 2A 

(PP2A) (Tuck et al., 2013). PP2A is made up of three subunit components: a structural 

(A) subunit; a catalytic core (C) subunit and a regulatory (B) subunit (Seshacharyulu et 

al., 2013). Cyclin B-CDK1 phosphorylates GWL to activate the kinase (Blake-Hodek et 

al., 2012). GWL phosphorylates the phosphatase inhibitor, endosulphine (ENSA) 

(Gharbi-Ayachi et al., 2010). Phosphorylated ENSA binds to and inhibits the 

phosphatase PP2A-B55, which dephosphorylates cyclin B-CDK1 target proteins, 

including WEE1/MYT1, CDC25 and mitotic substrates (Jeong and Yang, 2013). Another 

barrier for progression to M-phase is the protein levels of cyclin B available for CDK1 
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binding. A minimum threshold of cyclin B and a rapid surge in cyclin B-CDK1 activity is 

required for mitosis to occur, acting to safeguard for the “all-or-nothing” event 

(O'Farrell, 2001). 

 
Figure 1.1.7 Control of G2 to mitosis progression.  Active CycB-CDK1 promotes cell cycle 
progression into mitosis/M-phase by phosphorylating M-phase substrates (S; grey). CycB-CDK1 
is phosphorylated and inactivated by Wee1/Myt1; Cdc25 phosphatase counters this 
phosphorylation. In a positive feedback loop, active CycB-CDK1 phosphorylates and inhibits 
Wee1/Myt1 and activates Cdc25. PP2A counteracts the kinase activity of CycB-CDK1 and 
dephosphorylates its substrates, therefore counteracting progression to mitosis. CycB-CDK1 
phosphorylates Greatwall kinase (Gwl) which phosphorylates ENSA. Phospho-ENSA is able to 
bind to PP2A, inhibiting its activity. Figure from: (Tuck et al., 2013). 
 

 The G2-M DNA damage checkpoint is activated in response to DNA damage, 

where active ATR and ATM phosphorylate CHK1 and CHK2 respectively. CHK1/2 

phosphorylate CDC25 on Ser216, which inhibits its activity and sequesters it in the 

cytoplasm by 14-3-3 proteins (Lopez-Girona et al., 1999). ATR and ATM also activate 

p53 which upregulate 14-3-3 and induces transcription of p21. p21 binds to and 

inhibits the kinase activity of CDK1 whilst the 14-3-3 proteins sequester cyclin B-CDK1 

in the cell cytoplasm. CHK1/2 also activate PP2A-B55 which counteracts progression to 

mitosis as described above.  Overall, this keeps the cell arrested in G2 until DNA 

damage is fixed.  
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1.1.4 Cancers, DNA damage and therapy 

DNA damage can initiate and drive progression of cancers by creating genome 

instability and an increased tendency of acquiring evolutionarily advantageous 

mutations (Yao and Dai, 2014). DNA damage is also used as a therapeutic in treating 

cancer, with the most common examples being radiotherapy and chemotherapy 

(Hosoya and Miyagawa, 2014). These treatments mostly target the aberrant properties 

of the cancer cell. For example, cancer cells may have defective DNA response/repair 

pathways and lack DNA damage checkpoints. Therefore, introducing DNA damage is 

selectively toxic to these cells as the signalling to maintain genome stability is 

dysfunctional. In addition to this, some cancer therapies perturb DNA replication which 

selectively targets cancer cells with a high cell proliferation index (Berdis, 2017). 

 Radiotherapy involves the use of ionising radiation (IR) to damage DNA (Baskar 

et al., 2012). IR causes base damage and creates DNA SSBs by producing radiolysis 

radicals that attack the sugar-phosphate backbone (Ward 1994; Thompson 2012). At 

high doses of irradiation, two SSB nicks are present in complementary DNA strands 

within one helical turn which leads to DSBs (Milligan et al. 1995). IR breakage 

frequently leaves structurally complex or “dirty ends”, consisting of phosphoglycolates 

and terminal nucleotides, that cannot be easily ligated in comparison to “clean” ends 

consisting of a 5′ phosphate and 3′-OH group, such as those created by endonucleases 

(Weinfeld and Soderlind 1991). 

 Conventional chemotherapy involves the use of chemical agents to kill cancer 

cells, often by damaging the DNA. Chemotherapeutic drugs include DNA-alkylating 

agents such as temozolomide, DNA cross-linking agents such as mitomycin C and 

cisplatin, and radiomimetic cytotoxic antibiotics such as bleomycin or phleomycin 

(Chen and Stubbe 2005; Wyrobek et al. 2005). Another class are topoisomerase 

inhibitors such as camptothecin and etoposide, which induce the formation of SSBs 

and DSBs, respectively, by trapping covalently linked topoisomerase-DNA cleavage 

complexes (Koster et al. 2007). DNA replication inhibitors, such as Fluorouracil, 

Gemcitabine and Cytarabine, impair the progression of replication or inhibit DNA 

polymerase (Vesela et al., 2017). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142968/#A016428C144
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142968/#A016428C135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142968/#A016428C88
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142968/#A016428C145
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142968/#A016428C14
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142968/#A016428C152
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4142968/#A016428C61
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1.1.5 Synthetic lethality 

Synthetic lethality (SnL) arises when the loss of two functionally redundant pathways 

in the same cell result in cell death when the loss of either individually does not (Lord 

et al., 2015). Cancer cells frequently exhibit genome instability, with deficiencies in 

individual DNA repair pathways and targeting complementary/redundant pathways 

can induce synthetic lethality and selective cell death. The concept of synthetic 

lethality is increasingly used to design novel therapeutic approaches to selectively 

target cancers (Lord and Ashworth, 2017). The most widely described example of this 

is the use of PARP1 inhibitors in BRCA1/2 defective breast cancer.  

 
Figure 1.1.8 Schematic of Synthetic Lethality.  (A) The loss of gene A or B alone or the 
overexpression of gene A is cell viable. (B) Loss of gene A together with loss of gene b results in 
synthetic lethality. (C-D) Pharmacological inhibition of the protein product of gene B in cells 
with gene A loss (B) or gene A overexpression (D) results in synthetic lethality. Figure from: 
(O'Neil et al., 2017). 
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 PARP1 functions in repairing SSBs, and potent inhibitors, such as Olaparib, bind 

to PARP1, trapping it at the SSB (Curtin and Szabo, 2013; De Vos et al., 2012; Satoh and 

Lindahl, 1992). During S-phase, the DNA replication fork collides with this PARP1/SSB 

lesion, leading to the formation of a DSB (Annunziata and O'Shaughnessy, 2010). In 

normal cells, these DSBs are repaired by HR as the sister chromatid is available during 

S-phase (Saleh-Gohari and Helleday, 2004). However, cancers with defective BRCA1/2 

do not have functional HR and these DSBs are repaired by the error-prone NHEJ, 

leading to cell toxicity and synthetic lethality (Helleday, 2011; Lord and Ashworth, 

2017).  

 The canonical HR pathway of DSBs involves BRCA1, PALB2 and BRCA2 whereas 

the SDSA pathway of HR depends on RAD52 function. The loss of RAD52 and BRCA1/2 

leaves no viable HR pathways and is therefore selectively lethal to cells (Lok et al., 

2013). This SnL is also actionable in cancers and pre-clinical studies, show that 

inhibition of RAD52 with small molecule peptide is selectively toxic to leukemic cells 

with BRCA-deficiency (Cramer-Morales et al., 2013). 

 ARID1A is a SWI/SNF family chromatin remodeler required for optimal NHEJ 

function and resistance to DNA damage (Lok et al., 2013). ARID1A is frequently 

mutated in cancers, being one of the 12 most common carcinogenic mutations and has 

been found in 17 different cancer subtypes (Lawrence et al., 2014; Wu and Roberts, 

2013). Inhibition of ATR is SnL with ARID1A loss, likely since ARID1A deficiency results 

in topoisomerase 2A and cell cycle defects, which causes an increased reliance on ATR 

checkpoint activity (Williamson et al., 2016). 
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1.2 Cyclophilin A; a member of the cyclophilin family of peptidyl-prolyl 

isomerases 

1.2.1 General properties of peptidyl-prolyl isomerases 

Peptidyl-prolyl isomerases (PPIs) are a class of enzyme which catalyse the cis/trans 

isomerisation of peptidyl-prolyl bonds (Figure 1.2.1). The cis confirmation is whereby 

the C and N terminal residues align in the same direction in relation to the planer 

peptide bond, the trans confirmation is where they point in opposite directions 

(Wedemeyer et al., 2002). Rotation of the peptide occurs around the peptide bond, 

allowing the interchange between both cis/trans isomerise forms. Flexibility of peptide 

bonds is an essential factor for biological activity of many proteins (Ohkura, 2007). 

Protein flexibility is important for changing protein structure to facilitate 

protein/protein interactions and for modulating protein function (Wedemeyer et al., 

2002). Peptide bonds of natural amino acids generally adopt the trans conformation 

due to steric hindrance, with the exception of proline residues (Zhang and Germann, 

2011). Proline residues can occupy cis and trans conformations but the spontaneous 

cis/trans isomerisation of prolines is an incredibly slow process, requiring high energy 

and is one of the rate-determining steps of protein folding (Fischer et al., 1984; 

Wedemeyer et al., 2002). This makes prolyl isomerises essential to this process 

(Schmid, 1995). 

 
Figure 1.2.1 Schematic of proline isomerisation. Peptidyl-prolyl isomerases catalyse the 
cis/trans isomerisation of peptidyl proline bonds around the peptide bond (blue). This causes a 
conformational change in the residue. Proline isomerisation is one of the rate-determining 
steps of protein folding as it requires high energy. Figure from: 
http://www.selcia.com/sites/default/files/Selcia_Prolyl_Isomerases_Paper_2015.pdf 
 

http://www.selcia.com/sites/default/files/Selcia_Prolyl_Isomerases_Paper_2015.pdf
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 PPIs are composed of three structurally distinct families: cyclophilins (CyPs), 

FKBPs (FK506 binding proteins) and the parvulins (Edlich and Fischer, 2006). The PPIs 

are evolutionarily conserved and expressed ubiquitously in most organisms. CyPs and 

FKBPs are collectively known as “immunophilins” and were originally isolated through 

binding to their structure specific immunosuppressant, Cyclosporin A (CSA) and FK506 

respectively (Handschumacher et al., 1984; Siekierka et al., 1989). These drug-

immunophilin complexes (CSA-CyP and FK506-FKBP) bind to and inhibit the 

phosphatase, calcineurin, which subsequently disrupts the NFAT pathway and 

interleukin-2 (IL-2) cytokine production (Reynolds and Al-Daraji, 2002). Although the 

immunophilins are mostly studied in the context of immunosuppression, they have 

many physiological functions and diverse roles in diseases outside the immune system 

(Schreiber, 1991). In addition to their role in isomerising prolines, many PPIs associate 

with the spliceosome and function in various processes such as pre-mRNA processing, 

mRNA decay and signal transduction (Adams et al., 2015; Mesa et al., 2008; Thapar, 

2015). 

 The FKBP family consist of 16 members which share a common PPI structure 

composed of an amphipathic 5-stranded β-sheet which wraps around a short α-helix. 

The macrolide rapamycin is a structural analog of FK506, which also inhibits and forms 

a complex with FKBP, resulting in immunosuppression (Bierer et al., 1990). The FKBP-

rapamycin complex does not inhibit calcineurin but instead undergoes its 

immmunosuppresive activity by inhibiting the protein known as mTOR (mammalian 

target of rapamycin) (Dumont and Su, 1996). The cyclophillin (CyP) family of PPIs 

include 17 members which share a common PPI domain composed of an 8 stranded β-

barrel hydrophobic pocket structure (Davis et al., 2010). Sanglifehrin A (SFA) also binds 

to CyPs and undergoes immunosuppressive activity but is structurally distinct from CSA 

and does not inhibit calcineurin.  

 Parvulins are the smallest group of PPIs, structurally consisting of a half β-barrel 

and 4 antiparallel strands surrounded by four α-helices (Nath and Isakov, 2014). Unlike 

CyPs and FKBPs, parvulins do not bind to an immunosuppressant compound. There are 

only 2 known parvulin genes in humans, in contrast to high number of CyPs  (17) and 
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FKBPs (16) (Edlich and Fischer, 2006). The parvulin, PIN1, has been intensively studied 

in oncology as it modifies the activity of several tumour suppressors and oncogenes. 

The most notable role of PIN1 is its regulation of many components of the cell cycle to 

promote cell cycle progression (Lin et al., 2015). PIN1 interacts with many regulators of 

the G1/S phase transition such as: cyclin D1,  RB1, p53, p27 and Cyclin E. In addition, 

PIN1 regulates mitosis by interaction with its targets CDC25 and WEE1 (Lin et al., 

2015). PIN1 also regulates DNA DSBR by counteracting DNA end resection through its 

binding and inactivation of CtIP (Figure 1.2.4) (Steger et al., 2013). CtIP is a key 

endonuclease involved in the resection of DNA ends at the DSB to promote HR (Sartori 

et al., 2007). In the absence of end resection, the NHEJ pathway is favoured to repair 

DSBs (Muñoz-Galván et al., 2013). PIN1, like all parvulins, bind to recognized motifs 

containing phospho-Thr-Pro or phopho-Ser-Pro (Lu and Hunter, 2014).  

 
Figure 1.2.2 The prolyl isomerase PIN1 counteracts DNA end resection to favour NHEJ.  PIN1 
is a parvulin class of prolyl isomerase which bind to phospho-Ser/Thr-Pro target motifs. CtIP is 
the key endonuclease involved in the resection of DNA ends to promote HR of the DSB. 
Phosphorylation of CtIP at Thr315 and Ser276 recruits PIN1 binding and CtIP isomerisation.  
This isomerisation leads to the polyubiquitylation and subsequent proteasomal degradation of 
CtIP, leading to less resection and favoured NHEJ. Figure from: (Steger et al., 2013). 
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 Phosphorylation of CtIP on Thr315 and Ser276 allows for PIN1 binding and 

isomerization of Pro277 (Steger et al., 2013). This changes the structural conformation 

of CtIP allowing for its polyubiquitylation and subsequent proteasomal degradation 

(Steger et al., 2013). Cancer cells frequently overexpress PIN1 which results in a 

reduction of error-free HR and repair of DSBs more frequently by NHEJ, presenting 

PIN1 as a unique drug target (Zhou and Lu, 2016). PIN1 also has a role in the protection 

of stalled replication forks through binding and isomerisation of BRCA1 in complex 

with its binding partner, BARD1 (Daza-Martin et al., 2019). This isomerisation enhances 

the interaction of BRCA1–BARD1 with RAD51, thereby increasing the presence of 

RAD51 at stalled replication structures and protecting the stalled fork from excessive 

resection (Daza-Martin et al., 2019). 

1.2.2 Cyclosporin A (CSA) 

Cyclopsorin A (CSA) is a cyclic undecapeptide originally isolated from cultures of the 

fungus Tolypocladium inflatum (Figure 1.2.3) (Borel et al., 1994; Bushley et al., 2013). It 

is an immunosuppressant with a well-established role in preventing organ rejection in 

transplantation surgery (Laupacis et al., 1982; Tedesco and Haragsim, 2012).  

 
Figure 1.2.3 Structure of the cyclic undecapeptide, Cyclosporin A (CSA).  CSA is produced by 
the soil fungi Tolypocladium inflatum. It is composed of several atypical amino acids, many of 
which do not occur naturally in mammalian proteins (MeBmt, Abu and (D)-alanine). CSA 
constituent components include; MeBmt; (4R)-4-[(E)-2-butenyl-4-methyl-L-threonine], Abu; (L)-
a-amino-butyric acid, Sar; sarcosine, MeLeu; (N)-methyl-leucine, Val; valine, Ala; alanine, D-Ala; 
(D)-alanine. Molecular formula: C62H111N11O12; molecular weight: 1202.6 g/mol. Figure from: 
https://monographs.iarc.fr/wp-content/uploads/2018/06/mono100A-22.pdf 
 

https://monographs.iarc.fr/wp-content/uploads/2018/06/mono100A-22.pdf
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 CSA is a non-competitive inhibitior of the cyclophilin class of PPIs (Rosenkranz 

and Klopman, 1992). The CSA-CyP complex exhibits immunosuppressive activity by 

inhibiting the serine/threonine phosphatase, calcineurin (CN), although in this instance 

the effect is structural and not via the prolyl isomerase activity of CyPA (Figure 1.2.4). 

This ultimately disrupts the immune system by impairing cytokine production (IL-2) 

and T cell activation via the nuclear factor of activated T cells (NFAT) transcription 

factor network (Reynolds and Al-Daraji, 2002). 

 
Figure 1.2.4 Schematic of calcineurin signalling to activate T-cell immune response. 
Calcineurin is a calcium/calmodulin dependant serine/threonine phosphatase. Antigenic signals 
activate T-cell receptors which induce calcium (Ca2+) influx, increasing the concentration of 
intracellular Ca2+. This activates Calmodulin to bind to and activate Calcineurin. Calcineurin 
dephosphorylates the transcription factor Nuclear factor of activated T cells (NFAT), allowing 
NFAT import to the nucleus and increase in interleukin-2 (IL-2) transcription. IL-2 activates T-
cells and the immune response. Cyclosporin A and FK506 are immunosuppressants which 
inhibit Calcineurin through binding to their respective PPIs (Cyclophilin and FKBPs respectively). 
Figure adapted from: https://www.invivogen.com/mtor-calcineurin-inhibitors 
 

 CN function is dependent on increase in cellular calcium levels which is sensed 

by calmodulin to activate CN (Rusnak and Mertz, 2000). Antigenic signals activate T-cell 

receptors which induce calcium (Ca2+) influx, increasing the concentration of 

intracellular Ca2+. The Ca2+ binding protein Calmodulin (CaM) senses this increase in 

Ca2+ and activates CN. Activated CN dephosphorylates serine-rich regions (SRRs) on the 

https://www.invivogen.com/mtor-calcineurin-inhibitors
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N-terminus of NFAT (Crabtree and Schreiber, 2009). This causes a structural change in 

NFAT which exposes a nuclear localisation signal (NLS) and a nuclear export signal 

(NES) and allows its import into the nucleus to function as a transcription factor. NFAT 

increases interleukin-2 (IL-2) transcription, which activates T-cells and the immune 

response (Dienz et al., 2007).  

1.2.3 Cyclophilin family members 

The cyclophillin (CyP) family of PPIs include 17 members which share a common PPI 

domain composed of an 8 stranded β-barrel hydrophobic pocket structure (Davis et al., 

2010). CSA binds to this PPI domain and inhibits 11 members of the CyPs (Davis et al., 

2010). PPIs are implicated in several other processes including: transcription, mRNA 

splicing, signal transduction and protein folding (Davis et al., 2010). The spliceosome 

associated CyPAs and their domain organisations are shown in Table 1.2.1. 

 Of interest is the CyP, Cyclophilin A (CyPA), encoded by peptidyl prolyl 

isomerase A (PPIA), which has been studied most extensively due to its overexpression 

in a variety of cancers, and association with poor prognosis (Obchoei et al., 2009). 

Previous work in the lab implicates CyPA to have hitherto undescribed roles in DNA 

repair (outlined in section 1.2.5). 

 Although the focus of this thesis is to study the impact of CyPAi and loss in DNA 

repair, other members of the CyP family contain domains found in DNA repair proteins 

and interactors in DDR pathways (see Table 1.2.1. for examples). This potentially 

suggests that other CyPs may function in or influence DNA repair (Davis et al., 2010). 

Of these PPIs, PPWD1 (Peptidylprolyl isomerase domain and WD repeat-containing 

protein 1) is of interest as it contains a WD-40 motif that is seen in other HHR factors 

such as PALB2 (Luijsterburg et al., 2017). The catalytic PPI domain of PPWD1 has 59% 

similarity to PPIA (Adams et al., 2015). Another PPI of interest is PPIE which has a RRM 

(RNA Recognition Motif), putatively required for its role at the spliceosome (Adams et 

al., 2015). The catalytic PPI domain of PPIE shares 81% similarity to PPIA and has a 

similar binding affinity for CSA (Adams et al., 2015; Davis et al., 2010).  
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Table 1.2.1 Spliceosome associated Cyclophilin family members and their domain 
organisation.  The amino acid identity and similarity for the PPI domain of each nuclear 
cyclophilin to that of the control cyclophilin PPIA as calculated by BLAST is shown. Cyclophilin 
association with splicing complexes is indicated in the fourth column. Whether CsA binds to 
each cyclophilin is also noted (Davis et al., 2010). Possible interactors from the DNA damage 
response (DDR) pathway is shown using: https://thebiogrid.org/ (Orchard et al., 2014). Table 
adapted from: (Adams et al., 2015). 

 

1.2.4 Cyclophilin A and cancers 

CyPA was initially found to be upregulated in hepatocellular carcinoma (Lim et al., 

2002; Obchoei et al., 2009). Other cancers reported to exhibit CyPA overexpression 

include: pancreatic cancer, colorectal cancer, squamous cell carcinoma, melanoma and 

glioblastoma multiforme (Al-Ghoul et al., 2008; Han et al., 2010; Li et al., 2005; Li et al., 

2006; Melle et al., 2005; Qi et al., 2008; Shen et al., 2004). CyPA is also overexpressed 

in both non-small and small cell lung cancer, with the ability to stimulate signalling of 
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the ERK1/2 mitogen-activated protein kinase pathway (Campa et al., 2003; Yang et al., 

2007). RNAi against CyPA diminishes non-small-cell lung tumour growth in vivo by 

decreasing cell proliferation and increasing apoptosis in the tumour cells (Howard et 

al., 2005). CyPA inhibitors (CyPAi) have shown efficacy against a range of cancers 

including multiple myeloma, gynaecological cancers, glioblastoma, hepatocellular and 

non-small cell lung cancers (Lu et al., 2017; McLachlan et al., 1990; Sood et al., 1999; 

Wang et al., 2017; Zhu et al., 2015).  

 In an observational study, Stewart et al. noted that in over 25,000 women 

receiving CSA post-transplantation over a 1-11 year timescale, their incidence of breast 

cancer (BC) was unexpectedly low, and in direct contrast to all other major cancers 

whose incidences were increased (Stewart et al., 1995). This suggests that CyPAi may 

have marked anti-BC activity in patients. CSA has been employed in BC trails, however 

not as an anti-cancer agent but as a component of stem cell transplantation 

conditioning (see NCT00003920, NCT00008203, NCT01105650, NCT00079625, 

NCT00020176 and NCT00365287 from https://clinicaltrials.gov/ accessed: August 

2019). The role of CyPA in the pathogenesis of BC is likely through activation of the 

JAK2/STAT5 signalling pathway (Volker et al., 2018; Zheng et al., 2008). Zheng et al. 

showed that inhibiting CyPA through CSA and NIM-811 (non-immunosuppresive 

analogue of CSA) directly inhibits prolactin-receptor (PRL-R) activation, thereby 

downregulating JAK-STAT pathway function (Zheng et al., 2008). CyPA binds to and 

isomerises the PRL-R directly at Pro344 and this isomerisation is required for JAK/STAT 

mediated activation of multiple genes. This includes activation of the D-type Cyclins 

(CCND1-3) which are major drivers through G1/G1-S (Zheng et al., 2008). Due to this 

role, CyPA is required for mammary development through the PRL-R-JAK-STAT 

pathway (Volker et al., 2018). In vitro treatment with CSA inhibits the growth, motility, 

invasion, and soft agar colony formation of BC cells (Zheng et al., 2007). Additionally, 

CyPAi or CyPA knockout limits BC growth in various mouse models, including ErbB2-

driven BC model as well as xenografts of ER+/HER2- disease and BRCA-proficient triple 

negative breast cancer (TNBC) (Volker et al., 2018). 

https://clinicaltrials.gov/
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 Overall, this data supports the involvement of CyPA in cancer pathogenesis. 

However, the precise roles of CyPA in cancers outside of BC, including its functional 

interacting target substrates, is yet to be elucidated.  

 
Figure 1.2.5 The role of CyPA in the pro-growth JAK/STAT signalling pathway.  CyPA 
isomerises the prolactin-receptor (PRL-R) leading to its activation. This allows for the 
phosphorylation and activation of the tyrosine kinase JAK2, which subsequently phosphorylates 
and activate STAT5. Phosphorylated STAT5 forms a dimer and is translocated to the nucleus 
where it induces transcription of pro-growth genes. Figure from: (Volker et al., 2018). 
 

1.2.5 CSA, CyPAi, DNA damage and repair 

CSA induces DNA double strand breaks (DSBs) and chromosomal rearrangements, 

although the mechanism of how this occurs has not yet been elucidated (O'Driscoll and 

Jeggo, 2008; Oztürk et al., 2008; Palanduz et al., 1999; Rosenkranz and Klopman, 1992; 

Yuzawa et al., 1986). The International Agency for Research on Cancer (IARC) describes 

CSA as a “group 1 non-genotoxic carcinogen”, with its carcinogenic potential assumed 

to be from its ability to impair tumour immune surveillance (Hojo et al., 1999; IARC, 
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1990). Other mechanisms have been reported for CSA’s carcinogenic potential 

independent of its immunosuppressive effect on the host’s immune system (Hojo et 

al., 1999; Lee and Kim, 2010; Nabel, 1999; Zhu et al., 2015). For example, Hojo et al. 

reported that CSA induces TGF-β production by tumour cells which promotes cell 

invasiveness in a cell-autonomous manner (Hojo et al., 1999). 

 Prior work by O'Driscoll suggests that CSA may have an impact on HR repair 

(HRR) (O'Driscoll and Jeggo, 2008).  Patients with DNA ligase IV syndrome (LIG4), which 

is caused by hypomorphic loss-of-function mutations in DNA ligase IV, exhibit poor 

clinical outcome to bone marrow transplant regimes, possibly due to the unanticipated 

toxicity effect of CSA (O'Driscoll and Jeggo, 2008). Previous work in the lab shows that 

this CSA sensitivity is not CN dependent as Lig IV-/- pre-B lymphocyte cells are sensitive 

to CSA treatment but not to other CN inhibitors, FK506 and Staurosporine 

(unpublished; data not shown). Furthermore, the O'Driscoll lab showed that CSA 

treatment results in DSB formation in cells that have traversed S-phase, and these 

specifically persist in LIG4 syndrome cells (O'Driscoll and Jeggo, 2008). 

 Our lab has shown that CSA treatment induces chromosomal breaks and 

complex rearrangements (Figure 1.2.6A). The effect of CSA on HRR was examined 

directly using the DRneo ISce-I reporter model system, which shows CSA treatment to 

reduce the high-fidelity gene conversion (GC) repair pathway of HR, whilst total HRR 

levels remained similar to untreated cells (Figure 1.2.6B) (E. Outwin; unpublished). A 

possible reason for this could be an increase in the low fidelity HRR pathways such as 

single strand annealing (SSA) and sister chromatid exchange (SCE) to compensate. This 

would also explain the increase in chromosomal breaks and fusions following CSA 

treatment (Figure 1.2.6A). 

 Further work from our lab has also shown that CSA impairs IR-induced RAD51 

and BLM foci formation (E. Outwin; data not shown). Targeting CyPA with siRNA also 

impairs HU-induced BLM foci formation. This phenotype is not seen following siRNA of 

another cyclophilin, PPID/CyP40, implying that these effects are via CyPA specifically. 

Overall, these results indicate that CyPAi induces DSBs and potentially hinders their 

normal, accurate repair.  
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Figure 1.2.6 CSA induces chromosomal breaks, fusions, SCEs and aberrant HR.  (A) Wild-type 
(WT) CHO cells (AA8) were treated with CSA (5µM) and mitotic spreads prepared and Giemsa 
stained 24hrs post-treatment (left panel). CSA-induced sister chromatid exchanges (SCEs) are 
also shown following BrdU labelling, Hoechst counter-staining and UVA-irradiation (right 
panel). (B) The effect of CSA on HRR was investigated using the colony-based HR reporter assay 
(DRneo system). Here, HRR-mediated re-arrangements can be analysed using combinations of 
G418 (NeoR) and hygromycin (HygR) resistance following reconstitution of their respective 
genes through specific HRR sub-pathways in response to ISce-I-mediated DSB formation. GC, 
gene conversion; SCE, Sister Chromatid Exchange; SSA, single-strand annealing (Al-Minawi et 
al., 2008). (Work by E. Outwin; unpublished). 
 

1.2.5.1 CyPA knockdown and epistasis analysis with selected nucleases  

The parvulin, PIN1, is the only PPI shown to have an active role in DSB repair to date; 

counteracting resection through isomerisation and inactivation of the nuclease, CtIP 

and also in fork protection of stalled replication forks (Daza-Martin et al., 2019; Steger 

et al., 2013). Previous work in the lab shows that CSA impairs IR-induced resection, 

marked by RPA2 focalisation, in G2 phase cells (unpublished; data not shown). It is 

possible that CyPAi/silencing kills cells through impairing resection and HR, which 

generates a DNA repair intermediate that is subsequently aberrantly processed by 

nuclease action (Forment et al., 2011; Schlacher et al., 2012; Zong et al., 2016). A 

stable retroviral shRNA CyPA knockdown (KD) U2OS cell line (shCyPA) was created in 

the lab (by E. Outwin). These shCyPA cells were subject to a small siRNA screen of key 

nucleases involved in HR and plated for clonogenic survival analysis to test for epistasis 

or selective killing (unpublished; E. Outwin). Interestingly, the screen showed that 

siRNA silencing of CtIP was toxic to shCyPA cells, which suggests the PIN1/CtIP 

mechanism of DSB repair is distinct to that of CyPA. Targeting the nucleases GEN1, 

MRE11, DNA2 and MUS81 with siRNA was also toxic to shCyPA cells. Nucleases that did 
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not selectively kill shCyPA cells when targeted with siRNA include: EXO I, FEN1 and 

SLX4.  

1.2.5.2 CyPAi/silencing exhibits synthetic lethality with impaired HR 

XRCC3 is a RAD51 paralog involved in strand invasion and homology search in HR and 

cells deficient in Xrcc3 are used as a model for defective error-free HR (Pierce et al., 

1999). Previous work in the lab has shown that CSA treatment was significantly toxic to 

Xrcc3-defective Chinese hamster ovary cells (CHOs) subjected to clonogenic analysis 

(Figure 1.2.7A). A similar toxicity level was seen when treated with the PARP inhibitor, 

4-ANI, under these conditions (Figure 1.2.7B). This provides a basis of using CyPA 

inhibition in HR defective cancers, considering the therapeutic potential of PARPi in 

BRCA1/2 breast and ovarian cancers (Bryant et al., 2005; Farmer et al., 2005). Co-

treatment of CSA and PARPi shows a significant additive enhanced killing effect in WT 

cells compared to treatment with either alone, suggesting a lack of epistasis in killing 

HR-compromised cells (Figure 1.2.7E). 

 Further clonogenic survival analysis using shCyPA cells demonstrated that CyPA 

knockdown enhances sensitivity to inhibitors of PARP1 (Olaparib), MRE11 (Mirin), 

DNA-PKcs (KU-57788) and PI3K/mTORi (PI-103) (Figure 1.2.8A-D). Sensitivity of cells to 

Olaparib, a PARP1 inhibitior, is used as a marker of a HR defect, given the known 

synthetic lethal interaction with a BRCA1/2 deficiency (Helleday, 2011; Lord and 

Ashworth, 2017). Figure 1.2.8A shows shCyPA cells exhibiting sensitivity to Olaparib, 

indicating a HR defect.  

 Mirin is a small molecule chemical inhibitor of the exonuclease MRE11, a 

component of the MRN complex, involved in end resection to promote HR-mediated 

repair (Dupre et al., 2008). The MRN complex also plays an important role in the 

response of cells to DNA DSBs by activating ATM (Lee and Paull, 2005). Figure 1.2.8B 

shows that shCyPA cells are sensitive to treatment with mirin, consentient with the 

data described above where shCyPA cells are sensitive to siRNA targeting MRE11. This 

suggests a role of CyPA in a pathway involving a nuclease functioning redundantly with 

MRE11. 
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Figure 1.2.7 HR defective cells (Xrcc3-defective) treated with CSA, CSA NIAs and PARPi  
Clonogenic survival analysis on wild-type (WT) AA8 Chinese hamster ovary (CHO) cells and their 
isogenic Xrcc3-defective counterpart (irs1SF) following treatment with indicated doses of: (A) 
CSA; (B) 4-ANI (4-Amino-1,8-naphthalimide), a PARP inhibitor; (C) CSA non-immunosuppressive 
analogue (NIA), CSA-acetate (CSA-A); (D) the NIA, 5-(N-methyl-D-valine)-CSA (MeV-CSA). (E) 
Clonogenic analysis of WT AA8 CHO cells treated with CSA alone (5µM), 4-ANI alone (8µM) or 
combination of both at this concentration. (Statistics; *, p<0.05). (Work by E. Outwin; 
unpublished). 
 

 KU-57788 is an inhibitor of DNA-PKcs and hence inhibits the NHEJ pathway of 

DSBR (Zhao et al., 2006). If NHEJ is inhibited in the context of aberrant HR, it leads to 

selective toxicity, as the main DSB repair pathways are defective (Chernikova et al., 

2012; Goodwin and Knudsen, 2014). Figure 1.2.8 C shows that shCyPA cells are 

sensitive to inhibition of DNA-PKcs, further indicative of a HR defect. 

 PI-103 is a dual PI3K/mTOR inhibitor (Ibrahim et al., 2012). The PI3K/AKT 

pathway is constitutively active in BRCA1-defective human cancer cells, promoting 

uncontrolled cancer cell growth (Minami et al., 2014; Xiang et al., 2008). Inhibiting this 

pathway is synthetically lethal with loss of BRACA1 (HR defective background) (Cidado 

and Park, 2012). Figure 1.2.8 D shows that shCyPA cells are sensitive to PI3K/mTOR 

inhibition. 
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Figure 1.2.8 Cyclophilin A knockdown cells are sensitive to PARP, MRE11, DNA-PKcs and PI3-K 
inhibiton.  A stable Cyclophilin A knockdown line (shCyPhA) was created in U2OS cells 
(scrambled shRNA line used as a control) and subject to clonogenic survival analysis following 
treatment with indicated agents. (A) PARP inhibitor, Olaparib.  (B) MRE11 nuclease inhibitor, 
Mirin (C) DNA-PKcs inhibitor, KU-57788 and (D) dual PI3K/mTOR inhibitor, PI-103. (Work by E. 
Outwin; unpublished). 

 

1.2.5.3 The CyPA interactome 

Outside of calcineurin, there are virtually no other verified CyPA interacting targets, 

although many cyclophilins have been shown to associate with the spliceosome 

(Adams et al., 2015). Cyclophilin PPIs do not have a recognised target motif unlike the 

PIN1 PPI, which is phospho-Ser/Thr-Pro directed (Davis et al., 2010; Zhou and Lu, 

2016). To identify novel CyPA interactors and provide a possible mechanistic insight 

into the DNA-repair phenotype seen, a biotin ligase-based proximity tagging (BioID) 

approach coupled with mass spectrometry-based proteomics was conducted in the lab 

(Figure 1.2.9) (Roux et al., 2012). 
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Figure 1.2.9 Schematic of the BioID method used to identify interacting/proximal proteins to 
POI.  POI fused with biotin-ligase is expressed in cells with the addition of biotin. Proteins 
interacting with POI or in proximity are biotinylated. These proteins are then affinity purified 
and identified by mass spectrometry.  Image taken from: (Roux et al., 2012). 
 

 Through this approach, 469 individual proximal proteins and possible CyPA 

interactors where found (E.Outwin; unpublished). Table 1.2.2 outlines gene ontology 

analysis of the CyPA-BioID, categorising proteins into biological processes. Top 

processes from this analysis include “DNA recombination” and “DNA repair”, a novel 

finding given that a direct role of CyPA has not been described in DNA damage 

hitherto. Focusing on proteins involved in DNA repair, a top hit from this category was 

53BP1. This is of particular interest given its role in coordinating DSB repair through 

histone binding and in influencing the ubiquitin and SUMOylation cascades at the DSB, 

but particularly because of its role in promoting NHEJ in opposition to BRCA1-mediated 

HR (Bouwman et al., 2010; Bunting et al., 2010; Cao et al., 2009; Zimmermann and de 

Lange, 2014; Zimmermann et al., 2013). This interaction was tested using a native 

antibody against CyPA, which showed endogenous 53BP1 to co-IP with CyPA (E. 

Outwin; data not shown). Interestingly, treatment of cells with CSA abolishes this 

interaction (E. Outwin; data not shown).  

 Previous work in the lab shows that CyPA also co-IPs with BRCA1, EXO I and 

RECQL, with the interactions also being abolished with CSA (E. Outwin; data not 

shown). RECQL is a helicase involved in resolving HR intermediates, specifically 
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resolving holiday junctions and D-loops, working distinct from BLM and RAD54 (Fig. 12) 

(Bugreev et al., 2008; Mazina et al., 2012). In the absence of RECQL, D-loops of this 

type persist, generating toxic dead-end replication structures as they cannot be 

processed by DNA polymerases or prime DNA synthesis. Overall, these novel findings 

directly places CyPA amongst important DSB processing and repair factors, 

representing a novel addition to the DSB repair landscape. However, the mechanistic 

role of CyPA here is yet to be elucidated. 

 
Table 1.2.2 Gene ontology (GO) PANTHER analysis of CyPA-BioID proteins categorised by 
biological process.  CyPA-BioID contains 469 individual hits segregating into 37 biological 
processes. The top 15 biological processes based on fold enrichment are shown with their 
corresponding P-values (P-value <0.05= significant). Search criteria: Biological Process (slim). 
http://geneontology.org/ (Mi et al., 2019). 

 

1.2.6 CyPA inhibition and CSA repurposing 

CSA has previously been investigated as a cancer treatment, primarily in drug resistant 

tumours as a competitive inhibitor of the P-glycoprotein (P-gp) cell membrane pump 

to reduce drug efflux out of the cell (Gerhard, 2014; McLachlan et al., 1990; Pilarski et 

al., 1998; Sonneveld et al., 1992). The P-gp is overexpressed in many cancers as a 

http://geneontology.org/
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mechanism of drug resistance by reducing intracellular drug accumulation (Breier et 

al., 2013). 

 CyPA is overexpressed in response to treatment with platinum-based DNA-

crosslinker drugs, such as cisplatin (Gerhard, 2014). CyPA can contribute to drug 

resistance here by upregulating the expression of many cytokines and drug resistance-

related genes (Chen et al., 2008). It is postulated that this is the reason for CyPA 

overexpression in many cancers (Chen et al., 2008). CSA has also been trailed in 

platinum-resistant gynaecological cancers with some success, however, in these 

studies, there was no stratification of tumour type based on DSBR functionality. 

(Gerhard, 2014; Kreis et al., 2001; Morgan et al., 2004; Sood et al., 1999). Given the 

synthetic lethal relationship of CyPAi with defective HR uncovered in our lab 

(unpublished), targeting CyPA presents as a potential strategy for treatment in cancers 

with altered/abnormal HRR. 

 Viral replication is dependent on the CyPA function the host cells, and hence 

CyPA inhibitors represent promising anti-viral therapies (Daelemans et al.; Flisiak and 

Parfienniuk-Kowerda, 2012; Steadman et al., 2017; Watashi, 2010b). An 

immunosuppressant such as CSA would be undesirable as a treatment for human 

infections and therefore non-immunosuppressive analogues (NIAs) of CSA have been 

developed which bind to CyPs, but do not inhibit the CN pathway. These CSA NIAs are 

currently being explored as anti-virals in HIV and pan-genotypic Hepatitis C antivirals 

(e.g. Alioporvir/Debio-025, MIN-811, SCY-635 and multiple Sanglifehrin A derivatives), 

being well tolerated in clinical trials (Daelemans et al.; Flisiak and Parfienniuk-Kowerda, 

2012; Steadman et al., 2017; Watashi, 2010b).  

 Drugs in oncology have the lowest probability of reaching FDA approval, with 

the success rate for new drugs from phase 1 to FDA approval in the USA from 2003-

11 was a dismal 6.7% (Hay et al., 2014). Hence, drug repurposing is important as it can 

significantly cut development and time costs (Pantziarka et al., 2015). For example, in 

1998 Celgene successfully repurposed the infamous drug thalidomide for treatment of 

leprosy and in 1999 as a novel treatment against the blood cancer, multiple myeloma 

(McCabe et al., 2015; Teo et al., 2002). In 2017 the thalidomide analogue 
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Revlimid/lenalidomide represented 78% of Celgene’s $12.9 billion annual sales 

(Celgene, 2018). Successful repurposing can dramatically shorten the protracted 

timescale of the journey from drug discovery through clinical trials and ultimately to 

clinical application (Strittmatter, 2014). It can also represent a significantly cheaper 

route to a new therapy (Strittmatter, 2014).   

 Preliminary data in the lab implicates the involvement of CyPA in DNA repair 

and silencing or inhibiting with small molecule inhibitors (CSA, NIAs) leads to aberrant 

DNA repair. In this thesis I investigate hitherto undescribed impact of CyPAi and loss. I 

identify and characterise novel CyPA interactors with important components of the 

DDR and cell cycle machinery. I provide compelling evidence for the possible 

repurposing of CSA/NIAs as a therapeutic for specific cancers in a synthetic lethality 

approach.  

In Chapter Two, I describe the materials and methods utilised in this thesis. 

In Chapter Three, I investigate the response of the HR compromised malignancy, 

multiple myeloma, to DDR inhibitors and CyPAi, exploring the potential for CyPAi to kill 

these cells. 

In Chapter Four, I explore the functional relationship between CyPA and ILF2/NF45, a 

driver of recurrent and drug resistant MM. 

In Chapter Five, I investigate the potential of CyPAi as a therapeutic in neuroblastoma 

with MYCN amplifications, a cancer characterised by elevated replication stress. 

In Chapter Six, I investigate the relationship between CyPA and various cell cycle 

proteins governing the entry from G2-M phase and G1-S phase. 

In Chapter Seven, I provide a summary of my results and discuss the findings from this 

thesis.  
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2 Chapter Two- Methods and Materials 
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2.1 Cell Culture 

2.1.1 Model Cell Lines 

U2OS, HEK293T and hTERT RPE1 cells were used as model cell lines in this thesis. These 

cell lines were cultured in DMEM supplemented with 10% FCS L-glutamate (1%) and 

antibiotics, penicillin-streptomycin (1%).  

Table 2.1.1 Model Cell lines used.  

 
Cell line Origin 
U2OS Osteosarcoma 
HEK293T Human embryonic kidney 
RPE1 Retina pigmented epithelium 

 

2.1.2 Multiple Myeloma 

 The multiple myeloma (MM) cell lines used are standard MM cell lines from the 

literature: RPMI-8226, CRL-2974 (MM.1S), CRL-2975 (MM.1R), and U266. Using KG1 

(derived from acute myeloid leukaemia) and AG09387 (derived from B-lymphocytes) 

as WT controls. Cells were cultured in RPMI media, supplemented with Fetal Calf 

Serum (FCS), L-glutamate (1%) and antibiotics, penicillin-streptomycin (1%) at 37oC in a 

5% CO2 atmosphere. All cell lines were cultured in 10% FCS media except AG09387 

which was cultured in 15% FCS.  

 

Table 2.1.2 Multiple Myeloma Cell lines used and their origin. Full names of the cell lines used 
(cell line names may be abbreviated in figures). 

 
Cell line Origin 
RPMI 8226 / CCL-155 Multiple Myeloma 
CRL-2974/ MM.1S Multiple Myeloma 
CRL-2975/ MM.1R Multiple Myeloma 
U266 Multiple Myeloma 
KG1 Acute Myeloid Leukaemia 
AG09387 B-lymphocytes 
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2.1.3 Neuroblastoma  

All Neuroblastoma lines used were obtained from European Collection of 

Authenticated Cell Cultures (ECACC) via Sigma-Aldrich®. They are standard cell lines 

used in the literature. Neuroblastoma lines were cultured in media supplemented with 

FCS, L-glutamate (1%) and antibiotics, penicillin-streptomycin (1%) at 37oC in a 5% CO2 

atmosphere.  

Table 2.1.3 Neuroblastoma Cell lines used, the media cultured in and their MYCN 
amplification status. Full names of the cell lines used (cell line names may be abbreviated in 
figures). 

 
Cell Line  Media MYCN status 
BE(2)-M17 1:1 mix of DMEM and Ham’s F12 + 15% FCS Amplification 
CHP-134 RPMI 1640 + 10% FCS Amplification 
IMR-32 MEM + 1% NEAA + 10% FCS Amplification 
KELLY RPMI 1640 + 10% FCS Amplification 
SK-N-AS DMEM + 10% FCS WT 
SK-N-BE(2) 1:1 mix of DMEM and Ham’s F12 + 1% NEAA 

+15% FCS 
Amplification 

SK-N-DZ DMEM + 10% FCS Amplification 
SK-N-SH DMEM + 10% FCS WT 
SY-SY5Y 1:1 mix of DMEM and Ham’s F12 + 1% NEAA 

+15% FCS 
WT 

 

2.2 Harvesting Cells 

Cells were centrifuged at 1500 RPM for 2 minutes, the media aspirated and pellet 

washed with PBS before transferring to 1.5ml Eppendorf’s. These were centrifuged for 

1 minute at @13,000RPM, the PBS was aspirated and cell pellets were either frozen at 

-20oC to create protein extracts at a later time or immediately used.  

2.3 Protein Extraction (Urea Buffer Method) 

Whole cell protein extracts were made using urea buffer (9M Urea, 50mM Tris-HCl pH 

7.5pH) with B-mecaptoethanol (reducing agent) being added to the buffer at 1:100 just 

before use. Cell pellets were taken out of the freezer, put on ice and immediately 

resuspended in 30-500µl urea buffer (depending on the amount of cells harvested). 
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Extracts were subjected to direct sonication with a VCX 750 Sonicator probe at 20% 

amplitude for 10 seconds, to shear the DNA. Eppendorf’s were centrifuged for 1 

minute at @13,000RPM and the supernatant transferred to fresh tubes. To determine 

the protein concentrations of the samples, the Quick Start™ Bradford Protein Assay 

was used as per manufacturer’s (BIO-RAD) protocol. Protein samples were then diluted 

to the correct concentrations and boiled at 95oC for 5 mins in sodium dodecyl sulfate 

(SDS) gel-loading buffer (100 mM Tris-Cl pH 6.8, 4% w/v SDS, 0.2% bromophenol blue, 

20% glycerol, 200 mM β-mercaptoethanol). 

2.4 Lipofectamine 3000 transfection 

U2OS cells were transfected with mammalian expression vectors using Lipofectamine™ 

3000 Reagent (Thermo Fisher Scientific). Cells were seeded at a density of 3x105 cells 

per 6cm dish the day before transfection, to allow them to adhere. The standard 

protocol for Lipofectamine™ 3000 was then used to transfect cells. The media was 

changed 24 hours after transfection and after 48 hours cells were either harvested for 

western blotting or plated for clonogenic assays.  

Table 2.4.1 cDNA constructs utilised in this thesis.  

 
Plasmid Supplier Cat. No. Vector E.coli 

Selection 
Mammalian 
Selection 

Cyclophilin A (PPIA) 
(NM_021130) Human 
Tagged ORF Clone 

OriGene RC203307 pCMV6-
Entry  
(PS100001) 

Kanomycin Neomycin 

ILF2 (NM_004515) 
Human Tagged ORF 
Clone 

OriGene RC201751 pCMV6-
Entry 
(PS100001) 

Kanomycin Neomycin 

n-Myc (MYCN) 
(NM_001293228) 
Human Tagged ORF 
Clone 

OriGene RC238385 pCMV6-
Entry 
(PS100001) 

Kanamycin Neomycin 

 

2.5 Lipofectamine RNAi MAX transfection  

U2OS cells were transfected with siRNA to knockdown POIs using Lipofectamine® 

RNAiMAX Reagent (Thermo Fisher Scientific). Cycling cells were seeded at a density of 
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3x105 cells per 6cm dish and transfected the same day with SMARTpool siRNA reagent 

(Dharmacon™) following the standard Lipofectamine® RNAiMAX Reagent protocol. The 

media was changed 24 hours after transfection and after 48 hours cells were either 

harvested for western blotting or plated for clonogenic assays. 

Table 2.5.1 siRNA oligonucleotides utilised in this thesis.  

 
Target SMARTpool: ON-TARGETplus siRNA Cat. No. 
PPIA L-004979-04-0005 
RB1 L-003296-02-0005 
TP53BP1  L-003548-00-0005 

 

2.6 Calcium phosphate transfection 

HEK293 cells were transfected using the calcium phosphate transfection method. 

About 1/10th of a 70-90% confluent T75 flask of cells were seeded to 10cm plates and 

left to adhere overnight. In one Eppendorf, 10µg of DNA was added to 61µl of 2M 

CaCl2 and in another Eppendorf, 500µl of 2 x HBS (HEPES Buffered Saline) (50 mM 

HEPES, 280 mM NaCl, 1.5 mM Na2HPO4, pH 7) was aliquoted. Whilst bubbling the 

HBS, the DNA mixture was added dropwise into the HBS tube. This mixture was then 

pipetted dropwise onto the 10cm plate of cells seeded the previous day. 24 hours after 

transfection, cells were washed with PBS and fresh media was added. 48 hours after 

transfection, cells were harvested for western blotting or plated for clonogenic assays.  

2.7 Creating Stable expression lines 

U2OS cells were transfected following the Lipofectamine 3000 transfection method as 

above. The day following media change, cells were counted and seeded at 0.25, 0.5 

and 1x105 cells per 10cm dish. The following day, the relevant antibiotic selection was 

added (e.g. G418 at 1mg/ml for U2OS cells) and cells were left to form colonies for 2 

weeks. Individual colonies were then selected and transferred to 24 well plates to 

grow. Protein extracts of these clones were made and run on western blots to confirm 

that the POI has been expressed.  
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2.8 Western Blotting 

Protein samples (5-50µg) and a molecular weight marker (PageRuler™ Plus Prestained 

Protein Ladder, 10 to 250 kDa) were loaded onto an SDS-PAGE gel (6-15% percentage 

gel depending on POI size) and allowed to run for 1 hour at 200V in the presence of 1x 

Tris/Glycine/SDS Electrophoresis Buffer (Bio-Rad Laboratories®). Protein bands were 

then transferred to the PVDF membrane through the semi-dry transfer method. The 

membrane was allowed to be activated in 100% methanol for 30 second before being 

washed with RO water and placed in the Transfer buffer to leave it to equilibrate. This 

membrane was then placed against the gel, sandwiched between two sponge sheets 

that were pre-soaked in the transfer buffer and put on the Trans-Blot® SD Semi-Dry 

Transfer Cell blotting machine. The blotting machine was left to run at 100A for one gel 

or 200A for 2 gels for 1 hour. The membrane was then incubated in 5% w/v BSA in 

10mL PBS with 0.05% Tween for 30 minutes to block the membrane. Primary 

antibodies against POI were diluted according to suggestion from supplier in 5% w/v 

BSA/PBST before being added to the membrane and left overnight at 4˚C on a rotator. 

The membrane was then washed 3 times in PBS with 0.05% Tween before being 

incubated in the corresponding secondary antibody (diluted 1:2000). After another 3 

washes, membranes were exposed to Pierce™ ECL Western Blotting Substrate before 

being visualised with film and developer machine.  

2.9 Immunoprecipitation 

For immunoprecipitation (IP), a non-denaturing buffer IP Buffer was used to create the 

protein extracts. Cells were harvested as above and incubated on ice with 200µl-1ml IP 

buffer (50 mM Tris, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 25mM NaF, 25mM β-

glycerophosphase,  0.1 mM sodium orthovanadate, 0.2% Triton X-100, 0.3% NP-40, 

Roche protease inhibitor cocktail and benzonase at 1:1000). After an hour, cells were 

centrifuged at 13,000RPM in a 4oC centrifuge and the supernatant put into clean pre-

cooled tubes. Protein concentration per sample was determined using the Bradford 

method as above and samples diluted to 500μg/500μl. These samples were then 

subjected to IP following one of the methods described below. 



43 

 

2.9.1 Native protein IP  

Dynabeads™ Protein G (Invitrogen™) were used to immunoprecipitate native proteins. 

To pre-clear the extracts and prevent non-specific binding, 40μl of beads were washed 

with IP buffer and added to 500μg samples and left to rotate at 4oC for 30 minutes. 

The samples were then put in a magnetic rack to capture the Dynabeads™ Protein G 

and the supernatant put into pre-cooled fresh tubes containing 5μg of antibody 

against the POI. After an overnight incubation at 4oC on a rotator, 50μl of beads were 

added to each tube and left to rotate at 4oC for 2 hours. Samples were put in a 

magnetic rack and the supernatant was kept (not bound proteins). The beads were 

then washed 3 times with IP buffer before being resuspended in SDS gel-loading buffer 

and boiled as above for western blotting. A control containing 500μl IP buffer only was 

also done in parallel. Inputs were made by putting IP buffer extracts directly into SDS 

gel-loading buffer. 

2.9.2 FLAG IP 

ANTI-FLAG® M2 Affinity Gel Beads (Sigma-Aldrich) were used to immunoprecipitate 

proteins with a FLAG tag. Beads (50μl) were washed twice in ice-cold IP buffer, added 

to 500μg samples and left to rotate at 4oC for 1.5 hours. The IP mixture was then 

centrifuged at 4oC for 1 minute and the supernatant was collected (not bound 

proteins). Beads were washed 3 times with IP buffer. After the final wash, gel-loading 

tips were used to remove as much buffer as possible without disturbing the beads. To 

elute the protein, 50μl of 100ug/ml FLAG® peptide (Sigma-Aldrich) was added to the 

beads and incubated at 4oC for 30 minutes. The beads were centrifuged at 13,000 RPM 

for 1 minute. Gel loading tips were used to pippete the eluted protein into fresh tubes 

containing SDS gel-loading buffer and boiled as above for western blotting. A control 

containing 500μl IP buffer only was also done in parallel. Inputs were made by putting 

IP buffer extracts directly into SDS gel-loading buffer. 

2.10  Sub-Cellular Fractionation  

NP-40 lysis buffer was used to fractionate the cytoplasmic proteins from the nuclear 

proteins. The buffer was made up from 10% NP40 (in water) which was diluted 1:100 

in PBS, with the addition of a protease tablet (cOmplete™, EDTA-free Protease 
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Inhibitor Cocktail). Cells were pelleted and washed in ice-cold PBS before being 

transferred to pre-cooled Eppendorfs and spun at 4oC at max speed for 1 min.  PBS was 

aspirated off and pellets were resuspended in 900μl of 0.1% NP-40 buffer. 200ul of this 

was taken out and added to a clean pre-cooled Eppendorf. This is the “whole cell 

lysate” and 50μl of 5x sds loading buffer was added to this ready to be sonicated. The 

remaining 700μl of sample was centrifuged for 30 seconds at 10,000RPM in a 4oC 

centrifuge. 200μl of the supernatant was removed and added to a clean pre-cooled 

Eppendorf, making sure not to disrupt the nuclear pellet. This is the “cytosolic 

fraction”. The reset of the supernatant was aspirated and the pellet resuspended in 

1ml ice-cold 0.1% NP40 buffer and centrifuged as before. The supernatant was 

removed and pellet resuspended in 9M Urea Buffer pH7.5 with 50mM tris with 1% 

(w/v) B-mecaptoethanol (reducing agent). This is the “nuclear fraction”. The whole cell 

and nuclear fractions were then sonicated and centrifuged before transferring 

supernatant to fresh eppendorfs (do not need to sonicate cytoplasmic fraction as there 

is no DNA). Nuclear and cytoplasmic extracts were subjected to the Quick Start™ 

Bradford Protein Assay (Bio-Rad) assay to measure the concentration of protein in a 

solution. SDS loading buffer was then added to each of these before loading on an SDS 

page gel for western blot analysis. As you cannot Bradford the whole cell extract, the 

relative same volume that was loaded for the cytoplasmic fraction was loaded here.  

 

2.11  Chromatin Extraction 

For chromatin extracts, cells grown in T75 flasks were harvested at 50-90% confluence 

as above. Cell pellets were washed in cold PBS before being resuspended in 200 μl 

Hypotonic buffer (10mM HEPES pH 7.5, 5mM KCl, 1.5mM MgCl2, 1mM DDT, 10mM 

NaF, 1mM Na2VO3, 10mM β-glycerophosphate, 0.5% IGEPAL and Roche protease 

inhibitor cocktail) and incubated on ice for 15 minutes. Cells were centrifuged at 

5000RPM and washed twice in 200µl hypotonic buffer. The pelleted sample was then 

resuspended in 100µl hypertonic buffer (hypotonic buffer containing 0.5M NaCl) and 

incubated on ice for 15 minutes. Chromatin was pelleted at 13,000 RPM for 10 minutes 

and solubilised in urea buffer in preparation for western blotting as described above. 
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2.12  Clonogenics  

Clonogenic assays were used to study the effectiveness of specific agents on the 

survival and proliferation of cells. Cells were counted and plated at varying cell 

densities in 6cm plates containing 4mls of media. Plates were then treated with agents 

of interest (e.g. CSA) or DMSO/water (control) and left to form colonies for 2 weeks 

before staining with methylene blue. Colony numbers were counted and compared to 

the original plated number to determine cloning efficiency. These numbers were then 

compared to the control plates to determine the percentage survival of the cells. 

 

2.13  Immunofluorescence 

For immunofluorescence (IF), adherent cells were grown overnight on cover slips 

inside 3cm dishes at a density of 1x105 cells per ml. The media was aspirated and cells 

were washed with PBS before being fixed with 3% paraformaldehyde (PFA) with 2% 

sucrose in PBS at room temperature for 10 minutes. Cells were washed 3 times in PBS 

and then permeabilised with 0.2% Triton in PBS for 2.5minutes. Cells were washed 

again and incubated in 5% BSA in PBS for 10 minutes to prevent non-specific binding of 

the antibodies. The primary antibody was added for 30 minutes in 3-5% BSA 

(depending on antibody) PBS and washed again. The corresponding animal secondary 

antibody was added and plates were kept in the dark for 20 minutes. The secondary 

antibody was aspirated and DAPI at a concentration of 1μg/ml was added for 5 

minutes (kept in the dark). The coverslips were then mounted onto microscopy slides 

using VECTASHIELD® Antifade Mounting Medium and sealed with clear nail varnish. 

Slides were kept in the dark before being visualised on Olympus IX70 Fluorescence 

Microscope. 

2.14  Cell Viability assay 

The standard protocol of CellTiter-Blue® Cell Viability Assay (Promega) was used as a 

method of determining cell viability. Cells were treated with various drug 

concentrations and left to grow in a 96-well plate for 72 hours.  At the end of the drug 

treatment, the cell viability assay reagent was added to each well and left for 4 hours 



46 

 

before the fluorescence values were read on a plate reader. Metabolically active cells 

would be able to convert the redox dye in the reagent into a fluorescent end product 

which can be detected by a fluorometer. Therefore, the florescence values indirectly 

provides an estimate of the relative number of surviving cells in each well. 

 

2.15  3D Culture System 

A fibrinogen-based 3D culture system was used to grow the MM patient-derived cell 

lines (Figure 2.15.1) (de la Puente et al., 2015). The 3D culture system better mimics 

the physiological condition compared to traditional 2D culture.  Commercially available 

human fibrinogen from SIGMA was mixed with 2M CaCL2 and MM cells to form a 3D 

cross-linked jelly-like structure. These were formed in 96 well plates and treated with 

drugs. After 72 hours, collagenase was added to the 3D culture to dissolve the matrix 

and cell viability in each well was determined through Cell Titre Blue.  

It is also possible to adapt the system to by adding human stromal and 

endothelial cells to the fibrinogen culture system (Figure 2.15.1). These cells all 

crosstalk with each other to form a culture that mimics the bone marrow niche. These 

can be pre-labelled with fluorescent CellTracker™ Dyes (DiO/DiD/calcein violet) and 

distinguished from the MM cells through flow cytometry. In this initial culture, these 

cells were not added, but they will be used in future experiments.  
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Figure 2.15.1 Fibrinogen-based Culture System. (A) 3DTEBM cultures were developed through 
cross-linking of fibrinogen (naturally found in the plasma of BM supernatant) with calcium; 
numerous cellular components, including MM cells, MM-derived stromal cells, and endothelial 
cells, were pre-labelled and incorporated into the cultures. (B) Cartoon of the three-
dimensional tissue engineered BM (3DTEBM) niche with oxygen and drug concentration 
gradients as a function of scaffold depth. The top of the 3DTEBM is enriched for endothelial 
cells, where MM cells are exposed to higher oxygen levels and drug concentrations, with more 
proliferative cells (green). The bottom of the 3DTEBM is hypoxic, receives lower concentration 
of drugs, and includes less proliferative and more drug-resistant cells (yellow). The 3DTEBM 
provides a tool for further studying the vascular and endosteal niches in ex-vivo experiments 
(de la Puente et al., 2015). 
 

2.16  Spheroid growth  

Drug sensitivity experiments were conducted on the NB lines using Corning® spheroid 

microplates and following the standard Spheroid Formation Protocol outlined by 

Corning®. These plates have an ultra-low attachment surface which encourages cells to 

clump together to form a “tumour-like” structure. The cells then grew outwards from 

this single structure, increasing the size of the spheroid over time. Cells were seeded in 

these 96-well ultra-low attachment plates (Cat. #CLS3474) at a density of 5x103-1x104 
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cells per well. Spheroid formation and growth were then assessed at various time 

points, either visually using an inverted microscope or by performing a cell viability 

assay.  

2.17  RNA extraction and microarray profiling 

Cells were harvested as above, snap-frozen in liquid nitrogen and stored at -80oC until 

RNA was extracted. RNA was extracted using Qiagen™ RNeasy Plus Mini Kit following 

manufacturer’s protocol. RNA samples were then delivered to eurofins for Clariom™ S 

Pico Assay microarray analysis.  

2.18  CDK1 ATP analogue sensitive Shokat U2OS 

U2OS cells expressing Shokat mutant CDK1 that is selectively sensitive to inhibition by 

the ATP analogue, 1NM-PP1, was obtained from the Hochegger lab (Rata et al., 2018). 

CDK1-ATP analogue sensitive (CDK1-AS) U2OS were cultured in DMEM supplemented 

with 10% FCS L-glutamate (1%) and antibiotics, penicillin-streptomycin (1%). 

 For western blot analysis, shokat cells were seeded in 6-well plates at a density 

of 1x105 cells per well. Once cells had adhered overnight, the ATP analogue 1NM-PP1 

was added at a final concentration of 2µM. After 20 hours cells were washed 5 times in 

media. CSA was added to cells at a final concentration of 20µM and left to incubate 

until the required timepoints. Cells were harvested for protein extracts as above and 

subjected to western blot analysis. 

 For microscopy analysis, shokat cells were seeded in 96- well plates at a density 

of 7,000 cells per well. Cells were left to adhere for 6 hours before 1NM-PP1 was 

added as above. Cells were washed as above and then MG-132 proteasome inhibitor 

was added at a final concentration of 25µM. Simultaneously, CSA was added at a final 

concentration of 20µM and cells were incubated for 4 hours before being fixed. 

Paraformaldehyde (PFA) was added directly onto the media at a final concentration of 

4% and cells were left to fix for 15 minutes at room temperature. PFA was washed 3 

times with room temperature PBS before DAPI was added at a concentration of 

1µg/ml was added for 10 minutes (incubated in dark). DAPI was washed off once in 
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PBS, fresh PBS added to cells and cells were imaged using Olympus ScanR inverted 

fluorescent microscope. 

2.19  Reagents 

Table 2.19.1 Reagents utilised in this thesis.  

 
Reagent  Supplier Cat. No. 
ATMi (KU-55933) Stratech S1092 
ATRi (VE-821) Selleckchem S8007 
ATRi (VE-822) Selleckchem S7102 
Aurintricarboxylic acid Sigma-Aldrich A1895 
Cisplatin Sigma-Aldrich PHR1624 
Collagenase Sigma-Aldrich C0130 
CSA Sigma-Aldrich 30024 
Cyclophilin A inhibitor Sigma-Aldrich 239836 
Dactolisib (NVP-BEZ235) Selleckchem S1009 
DNA-Pkcsi (NU7441, KU-57788) Selleckchem S2638 
Fibrinogen from human plasma Sigma-Aldrich F3879 
FTY720 Sigma-Aldrich SML0700 
G 418 disulfate salt Sigma-Aldrich A1720 
HydroxyUrea Sigma-Aldrich H8627 
Melphalan Sigma-Aldrich M2011 
MG-132 Stratech S2619 
Mirin (MRNi) Santa Cruz. sc-203144 
N,N-Dimethylformamide Sigma-Aldrich D4551 
N-Ethylmaleimide Sigma-Aldrich E3876 
Obatoclax Selleckchem S1057 
Olaparib (AZD2281, KU-0059436) Selleckchem S1060 
Pin1 Inhibitor Calbiochem 530618 
PP1 Analog II, 1NM-PP1 Calbiochem 529581 
RO-3306 Sigma-Aldrich SML0569 

 

Table 2.19.2 Antibodies utilised in this thesis.  

 
Antibody against Supplier Cat. Number Dilution WB 
53BP1 Bethyl A300-272A 1:5000 (1:500 IF) 
α-tubulin Sigma T5168-2 ML 1:60,000 
β-actin Cell Signalling #49675 1:1000 
BCL2 Cell Signalling #2870 1:1000 
BCL2- Ser70 Cell Signalling #2827 1:1000 
BCL-XL Cell Signalling #2764 1:1000 
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BCR  Santa Cruz (N-20) sc-885 1:1000 
BLM Cell Signalling #27425 1:1000 
BRCA1 Santa Cruz  (D-9) sc-6954 1:1000 
BRCA1 Santa Cruz  (C-20) sc-642 1:1000 
BRCA2 Calbiochem OP95 1:2000 
BRD7 Santa Cruz (B-8) sc:376180 1:250 
β-tubulin Santa Cruz (H-235): sc-9104 1:1000 
Cdc37 Bethyl A302-488AT 1:500 
CDK2 Bethyl A301-812AT 1:1000 
CHAMP1 Bethyl A304-216A 1:1000 (1:100 IF) 
CHD1 Santa Cruz (C-8) sc-271626 1:2000 
CTiP Bethyl A300-488A 1:1000 
Cyclin K Bethyl A301-939A-T  1:1000 
Cyclophilin 40 
(PPID) 

Bethyl A305-334AM 1:1000 

CyPA Santa Cruz (C-14): sc-20360 1:1000 
CyPA Genetex GTX104698 1:2000 
CyPA abcam ab58144 (used for IP only) 
DNA Ligase III BD Transduction 

Laboratories 
611877 1:1000 

DNA-PKcs abcam ab32566 1:1000 
ENSA abcam ab180513 1:1000 
ENSA (phospho 
Ser67)/ARPP19 (Ser 
62)   

Cell Signalling #5240 1:1000 

ERK 1/2 (phospho) Cell Signaling #9101S 1:1000 
ERK1/2 Cell Signalling #4695S 1:1000 
EXO1 abcam #15553 1:1000 
FANCD2 Santa Cruz  FI17: sc-20022 1:1000 
FANCJ Cell Signalling #4578 1:1000 
FEN1 Cell Signalling 27465 1:1000 
FK2 Enzo BML-PW8810 1:1000 
FLAG Sigma F3165 1:3000 
GFP Protein Tech 66002 1:10,000 
GRW/MASTL Sigma HPA027175 1:1000 
H2A Cell Signalling #2578S 1:1000 
H4 Cell Signalling #2592S 1:1000 
KAP1 Bethyl A300-274A 1:2000 
KAP1 (phospho) Bethyl A300-767A 1:1000 
Lamin B Santa Cruz (C-20): sc-6216 1:1000 
MAD2L2/REV7 abcam ab180579 1:1000 
MCL1 Cell Signalling #5453 1:1000 
MCM2 Santa Cruz (N19) sc-9839 1:2000 
Mre11 Cell Signalling #4847 1:1000 
MYC Santa Cruz sc-40 1:200 
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NF45 Bethyl a303-147A-T 1:1000 
NF90 & NF110 Bethyl a303-119A-T 1:1000 
N-MYC Santa Cruz (B8.4.B): sc-53993 1:1000 
p21 Cell Signalling #29475 1:1000 
p53 Cell signalling #2524 1:1000 
p85 PARP Promega G7341 1:5000 
PARP BIO-RAD mcA1522G 1:3000 
PCNA Cell Signalling (pc10) #2586 1:1000 
PP2A-B55 Santa Cruz (D10) sc-365282 1:1000 
PPP2R2A Cell Signalling (2G9) #5689 1:1000 
PPP2R2B Bethyl A300-964A 1:1000 
PPWD1 Abcam [EPR7440] 

(ab126710) 
1:1000 

Rad51 Santa Cruz (H-92):sc-8349 1:500 (1:100 IF) 
RAD52 GeneTex GTX54722 1:500 
RAP80 Bethyl A300-764A-T 1:1000 
RB1 Santa Cruz sc-73598 1:1000 
RB1 Bethyl A302-432A 1:1000 
RB1 (phospho 
S807/811) 

Cell Signalling #9308 1:1000 

RPA2 Calbiochem NA18 1:1000 
RRM1 GeneTex GTX100758 1:1000 
RRM2 GeneTex GTX103193 1:1000 
S6 (phospho) Cell Signalling #2215 1:1000 
SAE2/UBA2 Bethyl A302-925A-M 1:1000 
Thymidylate 
synthetase (TS ) 

Bethyl A304-000A-T 1:1000 

γH2AX Millipore #05636 1:2000 
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3 Chapter Three - Multiple Myeloma and Cyclophilin A inhibition 
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3.1 Introduction 

Multiple Myeloma (MM) is a haematological malignancy that exhibits elevated and 

aberrant homologous recombination (HR). This elevated and aberrant HR is thought to 

aid the pathogenesis of the disease as it progresses from pre—malignant pathology 

into the advanced disease. This elevated genomic instability has also been directly 

implicated in the development of therapy resistance.  

Previous work in the lab has shown that HR defective cells (XRCC3 defective) are 

highly sensitive to killing with Cyclophilin A inhibition (CyPAi). The abnormal HR in MM 

therefore represents a potential therapeutic target through CyPAi. Previous work in 

the lab has also shown that CyPA knockdown cells are sensitive to killing with different 

types of DNA damaging drugs.  Hence, drugs targeting components of other redundant 

repair pathways may offer increased therapeutic efficacy via a synthetic lethal 

approach with CyPAi. The classic example of synthetic lethality is the use of small 

molecule Poly ADP ribose polymerase (PARP) inhibitors in BRCA1/2-deficient (HR 

defective) breast and ovarian cancer. In this chapter, using the established route of 

synthetic lethality, I will exploit the abnormal and aberrant HR in MM from a DNA 

damage perspective. 

3.1.1 Genetics of MM 

Multiple Myeloma (MM) is a haematological malignancy that affects the 

lymphoid lineage, specifically the plasma cells, which are differentiated antibody-

producing B-cells (Figure 3.1.1) (Raab et al., 2009). Abnormal plasma cells accumulate 

in the bone marrow and interfere with the production of a multi-component 

haematological population.  MM is genetically heterogeneous but can be sub-divided 

into two major subtypes, hyperdiploid and non-hyperdiploid (Herve et al., 2011). 

Hyperdiploid MM is a result of trisomy of chromosomes and is characterised by an 

overexpression of genes involved in protein biosynthesis (Chng et al., 2007). On the 

other hand, patients with non-hyperdiploid MM have a normal karyotype but exhibit 

multiple chromosomal translocations and/or deletions (Herve et al., 2011). However, 

the molecular mechanism of how these chromosomal rearrangements occur is 

unknown. Interestingly, whole genome sequencing (WGS) studies have failed to 
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identify recurrent driver variants in oncogenes/tumour suppressors in this condition 

(Bolli et al., 2014; Chapman et al., 2011). 

 
Figure 3.1.1 Diagram outlining Haematopoiesis.  All cellular blood components are derived 
from haematopoietic stem cells. Multiple myeloma (MM) disrupts the plasma cells (indicated 
by red circle). Adapted from: (Lindsey, 2011). 

 
Multiple myeloma is a disease which primarily affects the elderly (Figure 3.1.2), 

where 59% of MM cases in the UK between 2011-2013 were diagnosed in people aged 

70 and over (CRUK, 2016). The rate of MM diagnosis increases with age, with the 

highest rates of diagnosis in males is 80-84 years old and in females is 85-89 (CRUK, 

2016). In the UK, MM incidence rates have increased by 66% since the late 1970s 

(CRUK, 2016), this can likely be explained by increasing population aging. Therefore, it 

is expected that the incidence rate for MM is to rise even further with a continually 

expanding aging population. 
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Figure 3.1.2 Incidence rate of MM increases with age.  Graph showing the average number of 
new MM cases per year and age-specific incidence rates per 100,000 UK population. Data 
from 2013-2015. Source: https://www.cancerresearchuk.org/health-professional/cancer-
statistics/statistics-by-cancer-type/myeloma/ (CRUK, 2016). 

 

3.1.2 Symptoms of MM 

One of the most common symptoms patients experience is bone disease, occurring in 

around 65% of patients at diagnosis (Kyle, 1975). These severe bone problems can lead 

to multiple fractures and lytic lesions in the bones (Figure 3.1.3). This degenerative 

bone disease is a result of an upregulation of osteoclasts (bone remodelling cells) and 

suppression of osteoblasts (bone forming cells) (Kariyawasan et al., 2007; 

Papadopoulou et al., 2010). Abnormal MM plasma cells home to the bone marrow and 

interact with the components of the bone marrow microenvironment, causing adverse 

effects in the normally tightly regulated niche.  

Patients also experience frequent infections due to a compromised immune 

system (Kyle et al.). The plasma cells normally produce a repertoire of distinct 

antibodies that form a functional immune system. However, in MM, these plasma cells 

become a malignant monoclonal population, producing ineffective, reduced diversity 

monoclonal antibodies (Figure 3.1.4) (Pilarski and Jensen, 1992). Anaemia also occurs 

in more than 2 out of 3 MM patients (Ludwig et al., 2004). Anaemia and increased 

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/myeloma/incidence#heading-Two
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/myeloma/incidence#heading-Two
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susceptibility to infections occurs partly due to the overproduction of malignant 

plasma cells (Figure 3.1.4) leading to a decrease of other haematopoietic components 

such as the erythrocytes, macrophages and other immunomodulatory cells. Overall 

this leads to symptoms such as: shortness of breath, tiredness and frequent 

opportunistic infections (Kyle et al.). The most common cause of death in MM is 

infection, pneumonia being the most common fatal infection (Kintzer et al., 1978). 

 
Figure 3.1.3 Radiograph images of myeloma bone disease in patients.   (i) frontal view of skull 
with lytic lesions (green arrows). (ii) Right humerus with multiple lytic lesions (green arrows) 
and a pathological fracture (red arrow). (iii) Pathological fracture of left femur (red arrow) and 
(iv) vertebral wedge fracture (green arrow) (Walker et al., 2014). 
 

 
Figure 3.1.4 Malignant cells in Multiple Myeloma Patients  (A) Bone marrow aspirate smear of 
a multiple myeloma patient shows an overproduction of malignant plasma cells. (B) IgG 
overproduction is visualised on a protein gel. Treatment with Bortezomib (Velcade ®), a 
proteasome inhibitor, depletes IgG levels. The Biology of Cancer (© Garland Science 2007). 
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3.1.3 Current MM treatments  

MM is a chronic disease and its treatment regimens involves rigorous induction, 

consolidation and maintenance therapies (Lee and Min, 2016). The current treatments 

for MM are non-targeted and can ultimately be limiting. Melphalan chemotherapy is 

used as the standard treatment for MM (Avigan and Rosenblatt, 2014). It is an 

alkylating agent which forms inter and intra-strand crosslinks in DNA, causing 

cytotoxity (Kumar, 2010). This was one of the first chemotherapies used to treat 

cancer in the 1940’s and strikingly is still in use today (Bellamy et al., 1991). However, 

due to the non-specific nature of the treatment it has many undesirable side effects, 

underscoring the need to develop other more targeted treatments.  

Proteasome inhibitors (Bortezomib) and immunomodulatory thalidomide 

analogues (e.g. Pomalidomide, Lenalidomide) have recently been incorporated into 

MM treatment regimens (Mateos et al., 2010). These treatments have increased the 

median survival rates of patients 3-4 fold (Anderson, 2016). Despite this effective 

therapeutic development, MM remains incurable and the majority of patients 

experience relapse and ultimately drug resistance (Abdi et al., 2013; Anderson, 2016). 

Although, MM only makes up a fraction of total cancers, the treatment 

regimens makes MM one of the highest costing malignancies to treat (Cook, 2008). 

The incident rate and financial burden of this disease is expected to increase with an 

aging population (Smith et al., 2009). 

3.1.4 Multiple Myeloma and DNA repair 

MM cells are characterised by their genome instability, exhibiting increased and 

aberrant homologous recombination (HR) (Figure 3.1.5) (Herrero et al., 2015; 

Shammas et al., 2009). Ongoing intrinsic DNA damage is present in MM which is 

marked by the continuous presence of γH2AX (Walters et al., 2011).  

Members of the PI-3 kinase family, including ATM, ATR and DNA-PK, 

phosphorylate histone H2AX to γH2AX in response to DNA breaks as part of the early 

DNA damage response (DDR) (Kinner et al., 2008). Hence, the elevated and aberrant 
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HR in MM is thought to aid the pathogenesis of the disease by increasing the mutation 

rate in the cells with elevated genetic instability (Shammas et al., 2009). 

 
Figure 3.1.5 Increased and dysfunctional HR in Multiple Myeloma cells.  (A) There is increased 
HR activity in MM cells. HR is measured with recombination plasma substrate with neomycin 
resistance used as a measure of recombination activity. This was evaluated by counting 
neomycin-resistant colonies and total plasmid-transfected was evaluated by ampicillin-
resistant colonies. The recombination frequency was calculated from the ratio of these 2 
counts. (B) Acquisition of new genomic changes in multiple myeloma cells over time. New Loss 
of Heterozygosity (LOH) loci in ARP myeloma cells cultured for either 1 or 12 months, in the 
region of genome spanning chromosomes 16, 17, and 18, are shown as an example. Blue lines 
show new LOH loci in the regions of genome indicated, whereas yellow lines represent 
retention of pre-existing LOH sites (Shammas et al., 2009). 

 
Various components of DSB repair (DSBR) pathways are also misregulated in 

MM (Herrero et al., 2015; Shammas et al., 2009). Gene expression profiles have shown 

an elevated expression of HR-related genes in MM cells (Figure 3.1.6A). Of note, 

RAD51, which is a key regulator of HR exclusively involved in the repair pathway, 

appears to be overexpressed in MM cells (Figure 3.1.6B) (Herrero et al., 2015; 

Shammas et al., 2009). Abnormal HR in MM has also been implicated in the evolution 

of therapy resistance (Shammas et al., 2009). Experiments inhibiting HR activity using 

siRNA’s targeting RAD51 were found to lead to a significant reduction in genomic 

plasticity in MM (Shammas et al., 2009). Our working model is that, aberrant HR in 

MM represents a potential therapeutic target and agents targeting components of 

other redundant repair pathways may offer increased therapeutic efficacy via a 

synthetic lethal approach.  
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Figure 3.1.6 Elevated expression of HR-related genes in MM cells.  (A) Gene expression profile 
was measured in 3 normal plasma cell isolates (P1, P2, P3), 6 myeloma cell lines and 15 purified 
myeloma cells from patient bone marrows using gene arrays (B) Protein levels of RAD51 
detected by immunostaining. Levels appear to be higher in MM cells (iv-x) compared to WT 
cells (i-iii) (Shammas et al., 2009). 
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3.2 Results 

3.2.1 MM patients with poorer survival exhibit higher expression levels of 

CypA 

Previous work in the lab has found that MM cell lines are sensitive to CyPA inhibition 

through CSA treatment. I sought to determine whether the CyPA expression levels in 

MM patients are increased. This is to determine whether CyPA is a biomarker or 

potential therapeutic target in MM and if it has a possible role in the pathogenesis of 

the disease. GenomicScape (http://www.genomicscape.com) is a web tool available to 

easily visualise and analyse microarray-based gene expression data from various 

different studies on human disorders (Kassambara et al., 2015). I utilised this tool to 

analyse PPIA (the gene encoding CyPA) expression profiles of 414 treatment naïve MM 

patients to correlate this to overall survival (Shaughnessy et al., 2007).  

 
Figure 3.2.1 MM patients with overexpressed PPIA confer lower survival rates.  
GenomicScape (http://www.genomicscape.com/) survival analysis of 414 Multiple Myeloma 
patient samples before treatment. Kaplan–Meier survival plots shows hazard ratio (HR), and 
log-rank P-value (P). P-value of < 0.05 is statistically significant (Shaughnessy et al., 2007). 

 
Analysis indicates that 90% of the MM patient samples had an overexpression 

in PPIA compared to 10% that have normal PPIA levels (Figure 3.2.1). Interestingly, the 

10% of patients who have normal PPIA levels correlated with almost 100% survival 

rates through the course of this study (70 months). Conversely, the patients with 

http://www.genomicscape.com/
http://www.genomicscape.com/
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higher PPIA expression appear to have a much worse survival rate of about 50% 

survival during the course of the study. Overall, CyPA expression levels correlate with 

poor prognosis in the MM patients. 

3.2.2 MM cells are sensitive to CSA in 2D and 3D culture  

Previous work in the O’Driscoll lab has shown that MM cells (MM1S and CCL155 cell 

lines) in standard 2D culture are sensitive to CSA treatment (Figure 3.2.3A). The cell 

lines used as a control comparison are derived from human B-lymphocytes (AG87) and 

Acute Myeloid Leukaemia (AML) cells; another haematological malignancy (KG1 cell 

line). The sensitivity of MM cells to CSA treatment is striking, where at 10µM dosage 

the cell survival in the MM cell lines is <10%. In contrast, the control cell lines exhibit 

>80% cell survival under these conditions.  

 I sought to determine whether this sensitivity is also seen when you cultivate 

cells in a 3D-tissue culture system. Cells in 2D culture all receive the same 

concentration of drug, which is not relatable to the physiological condition (de la 

Puente et al., 2015). Conversely, in 3D culture systems, the drug is placed on top of the 

fibrinogen based gel matrix and a drug gradient is formed (de la Puente et al., 2015). 

The bottom of the 3D culture is hypoxic, receives lower concentration of drugs, and 

includes less proliferative and more drug-resistant cells. Hence, the 3D culture is more 

physiologically relevant as it better mimics the bone marrow niche.  

Cells grown in the fibrinogen-based 3D culture also behave differently to cells 

grown in 2D suspension. Normally in 2D culture the AG87 cells grow as single cells in 

suspension, however in 3D culture these cells tend to form colonies, which grow larger 

over culture period (Figure 3.2.2A). In line with this change in culture behaviour, cells 

in this culture appear to grow at a faster rate than in 2D culture (Figure 3.2.2B). Here, 

we see that patient derived MM cells (MM1S) grow at a consistently higher rate in the 

3D matrix than standard 2D suspension. Cell viability in 2D culture remained at a 

similar level by day 3, whereas cells in 3D culture had grown by 400% compared to the 

initial plating on day 0. Overall, this shows that the 3D matrix is the preferred culture 

method. 
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Figure 3.2.2 MM cells grow faster in 3D culture compared to 2D.  (A) Inverted microscope 
image of AG09387 (WT B-lymphocytes) cells grown in fibrinogen-based 3D culture. (B) Cell titre 
blue analysis of MM1S (patient derived MM cells) in 2D and fibrinogen-based 3D culture. Cells 
were seeded at a density of 3x104 cells per well in a 96-well plate. On days 3, 4, 5 and 6, the 3D 
matrix was digested with collagenase and CellTiter-Blue viability analysis was undergone. On 
day 0, the 3D matrix was left to form (for 1 hour) and analysed. 

 
As with the 2D culture results, CCL155 cells are also sensitive to CSA in the 3D 

system with around 8% cell viability seen in cells treated with 5µM CSA in both the 2D 

and 3D system (Figure 3.2.3B). AG87 cells (human B-lymphocytes) show no sensitivity 

to CSA following 2.5 and 5µM CSA in both 2D and 3D culture. KG1 (AML) cells show 

slight sensitivity to 5µM CSA, with around 80% percentage viability compared to 

untreated. The MM cell lines MM1S, MM1R and U266 in 3D culture all have similar 

sensitivities to CSA, showing 60% cell viability with 5µM CSA. This percentage viability 

compares to MM1S cells in 2D culture under the same concentration. Overall, the 

results from the 3D culture titration indicates that the cells have a similar sensitivity to 

CSA as in the standard 2D culture. Future work would be to further increase the dose 

of CSA (to 10µM) to see increased sensitivity in the MM lines compared to the control 

lymphoblast and to maximise the therapeutic window. 
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Figure 3.2.3 Cell titre blue viability assay on MM cells in 2D and 3D culture following CSA 
treatment.  CCL155, MM1S, MM1R and U266 are MM patient derived cell lines. AG87 are 
derived from human B-lymphocytes and KG1 is a patient derived Acute Myeloid Leukaemia 
(AML) line. (A) Cells grown in 2D suspension were treated with CSA for 4 days (work by Dr. 
Outwin). (B) Cells grown in Fibrinogen-based 3D matrix and treated with CSA for 6 days. Error 
bars are the mean ± SD where n = 3. Statistical differences: *, P < 0.05; **, P < 0.01; ns, not 
significant (student’s T-test). 
 

3.2.3 Further sensitising MM cells to CyPAi with drugs targeting DNA 

damage response and repair pathways 

I have shown that some MM cell lines are sensitive to CyPAi through CSA 

treatment. Previous work in the lab has shown that CyPA knockdown cells are sensitive 

to killing with drugs targeting various components of the DNA damage response (See 
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Figure 1.2.8).  Therefore, using these drugs in combination with CyPAi may offer 

increased therapeutic efficacy in selectively killing MM cells.  

CSA is an immunosuppressant and is therefore an undesired treatment for MM 

patients who are already immunocompromised (Laupacis et al., 1982; Tedesco and 

Haragsim, 2012). Non-immunosuppressive CSA analogues (NIAs) have been developed 

(e.g. Alisporivir/Debio-025, NIM-811, Sanglifehrin analogues and are being investigated 

(Figure 3.2.4). NIAs are currently being trailed as a treatment for retroviral (HIV) and 

chronic hepatitis C (HCV) (Daelemans et al., 2010; Watashi, 2010a). This treatment is 

well-tolerated in patients and shows excellent results in clinical trials (Daelemans et al., 

2010; Watashi, 2010a). This provides evidence that there is potential for drug 

repurposing of CSA analogues, specifically for the treatment of the haematological 

malignancy of interest, MM. 

 
Figure 3.2.4 Structure of CSA alongside non-immunosuppressive CSA analogues, CSH and CSA 
Acetate.  Source: http://www.ncbi.nlm.nih.gov/pccompound 

 Various compounds were used to try and induce lethality in MM cells as 

described in this chapter. These have been selected based on knowledge gleaned from 

the literature and previous work conducted in the lab.  Selected agents were then used 

in combination treatments in attempt to increase the selectivity without affecting the 

sensitivity of the control cells. MM and control cells were treated with the agents of 

interest and harvested to assess apoptotic induction using western blotting. Apoptosis 

induction was monitored using the protein levels of p85kDa caspase 3-cleaved version 

of PARP (p85PARP). During apoptosis, caspases are activated which cause the 

http://www.ncbi.nlm.nih.gov/pccompound


65 

 

proteolytic cleavage of PARP to p85PARP (O'Brien et al., 2001). Therefore, p85PARP 

levels are used as an indicator of apoptosis initiation. 

3.2.3.1 Camptothecin (Topo1 inhibitor) 

Camptothecin (CPT) is a molecule that binds to Topoisomerase 1 (Topo1) and 

causes DNA damage (Gilbert et al., 2012; Liu et al., 2000a). Topo1 cleaves DNA to 

create single-strand breaks (SSBs) and functions to remove torsional stress and DNA 

supercoils during transcription and DNA replication (Champoux, 2001). When Topo1 is 

covalently bound to DNA it is known as the “cleavable complex” and is normally 

removed by TDP1 (Figure 3.2.5 A). This allows the remaining break to be repaired by 

the SSB repair machinery, including PARP. However, CPT binds to Topo1 and stabilises 

the cleavable complex (Figure 3.2.5B). 

 
Figure 3.2.5 Mechanism of CPT action.  (A) Top 1 cleavage complexes are ordinarily removed 
through TDP1- and PARP-dependent mechanisms, with the ssDNA breaks repaired through 
XRCC1 and DNA polymerases/ligases. (B) Camptothecin (CPT) stabilises the cleavage 
complexes, inhibiting TDP1/PARP. Persistent ssDNA breaks are converted to dsDNA lesions 
leading to cell death or repaired by HR (Gilbert et al., 2012). 
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 During S-phase, the DNA replication fork collides with the cleavable complex, 

forming a Double-Strand break (DSB). The break is either repaired by the DSB repair 

pathways or signals to induce cell death if repair is failed (Pommier et al., 2003). HR is 

therefore vital to repair this DNA damage caused during DNA replication (Cimprich and 

Cortez, 2008). However, as HR is aberrant in MM it could cause a build-up of 

unrepaired DSBs which can lead to selective cell toxicity and apoptosis (Cimprich and 

Cortez, 2008). Furthermore, cells that are HR defective are characterised by CPT 

sensitivity (O'Connell et al., 2010). This is shown through work using CHO (Chinese 

Hamster Ovary) cells where the WT CHO cells are not sensitive to CPT, but HR 

defective CHO cells that are deficient in the HR repair gene XRCC3 are sensitive to CPT 

(Hinz et al., 2003; O'Connell et al., 2010). 

 
Figure 3.2.6  Dose response of MM cells to Camptothecin (CPT).  Western blot analysis of the 
apoptotic response to the Topo1 inhibitor, Camptothecin (CPT) WT B cells (AG87) and the MM 
patient line MM1S. These cells were treated with increasing concentrations of CPT for 3 hours. 
Apoptosis is monitored using PARP cleavage to p85 PARP. p85 PARP and PARP bands are 
indicated on the side of the image, where PARP is used as a loading control. Untreated (UNT) 
cells were treated with DMSO percentage equivalent to the highest dose in the CPT titration 
(10µM for AG87 and 1µM for MM1S). 

 
Figure 3.2.6 shows that the MM cell line, MM1S, is sensitive to CPT treatment 

compared to a WT B cell line (AG87). The p85-PARP protein band (representing 

apoptosis) is first seen to increase in signal intensity at 200nM CPT treatment. In stark 

contrast, even at 10µM concentrations of CPT there is no apoptosis in the WT B-

lymphoblasts (AG87). The MM cell lines, CCL155 and MM1R, are also sensitive to CPT 

treatment (data not shown). HR is essential in repairing DSBs induced by replication 

fork stalling with the ‘cleavable complex’. A speculation is that in the WT B cell line, the 

cells can repair this DNA damage possibly through HR and therefore no apoptosis 
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initiation is seen under these conditions. However, in the MM cell lines these DSBs are 

unable to be repaired by HR and cells therefore cells undergo apoptosis initiation.  

3.2.3.2 NVP-BEZ235 (PI3K/mTOR inhibitor) 

NVP-BEZ235 (Dactolisib) is an orally bioavailable dual PI3K/mTOR inhibitor. It has 

already entered clinical trials as treatment for cancers other than MM, such as renal 

cancer and breast cancer (NIH, 2016). The drug has also shown some efficacy in MM, 

selectively inhibiting the growth of many common MM cell lines (Baumann et al., 

2009). PI3K-mTOR activation is a fundamental pro-growth signalling network 

(Chalhoub and Baker, 2009). Many cancers upregulate this pathway to drive growth 

and direct inhibition of the upregulated pathway PI3K-mTOR pathway is a desired 

therapeutic target (Mayer and Arteaga, 2016).  

BRCA1 negatively regulates the cell progression kinase AKT, which is 

downstream of PI3K and growth factor signalling (Yi et al., 2013). The PI3K/AKT 

pathway is constitutively active in BRCA1-defective human cancer cells, promoting 

uncontrolled cancer cell growth (Minami et al., 2014; Xiang et al., 2008). Inhibiting this 

pathway is lethal with loss of BRACA1 (HR defective background) (Cidado and Park, 

2012). A proposed mechanism of PI3K/AKT upregulation in BRCA1 cells is the loss of 

tumour suppressor PTEN (Minami et al., 2014). PTEN negatively regulates PI3K/AKT 

pathway signalling and its loss is highly associated with BRCA1-defective breast cancers 

(Saal et al., 2008). This loss of PTEN is likely to arise from genome instability involving 

homozygous deletion through increased double strand breaks in the HR defective 

BRCA1 cells (Saal et al., 2008). This is therefore relevant in the context of MM where 

HR is aberrant. Dactolisib has also been found to inhibit DNA-PKcs activity (Mukherjee 

et al., 2012). This is because PI3K, mTOR and DNA-PK belong to the same kinase family 

(Liu et al., 2009). Dactolisib has the potential to hit both NHEJ and PI3K-mTOR 

networks, which could maximise the synthetic lethal potential in the aberrant HR 

background of MM.  

Figure 3.2.7 indicates that in three MM cell lines (CCL155, MM1S and MM1R) 

treatment with the dual PI3K/mTOR inhibitor NVP-BEZ235 induces an apoptotic signal, 
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which is detected by cleaved p85-PARP. The apoptotic signal seen from 50nM NVP-

BEZ235 in MM1S and MM1R and from 10nM in CCL155. The intensity of the p85-PARP 

band increases in these MM cell lines tested from when the signal is first seen. The 

highest intensity signal is seen at the highest treated dose (1µM treatment). Under 

these conditions, no p85-PARP signal is detectable in the WT B cells (AG87). This 

overall shows that NVP-BEZ235 is selectively toxic to MM cells with increasing doses, 

under these conditions, with no selective killing of control B-lymphoblasts. Targeting 

PI3K/mTOR has promise in MM (Zhu et al., 2014). 

 
Figure 3.2.7 Dose response of MM cells to the dual PI3K/mTOR inhibitor, NVP-BEZ235. 
Western blot analysis of apoptosis induction in WT B cells (AG87) versus the MM patient cell 
lines CCL155, MM1S and MM1R following treatment titration of NVP-BEZ235 ( 1, 10, 50, 100, 
250, 500, 1000nM). Cells were treated for 24 hours and apoptosis induction was monitored by 
‘cleaved’ p85-PARP detection. p85 PARP and PARP bands are indicated on the side of the 
image, where PARP is used as a loading control. Untreated (UNT) was treated with DMF 
percentage equivalent to the highest dose in the NVP-BEZ235 titration (1µM). 

 

3.2.3.3 KU-57788 (DNA-PKcs inhibitor) 

DNA-PKcs is the catalytic subunit of DNA-PK, which is essential in the repair of DSBs 

through non-homologous end joining (NHEJ) (Davis et al., 2014). KU-57788 is an 

inhibitor of DNA-PKcs (DNA-PKcsi) and hence inhibits the NHEJ pathway of DSBR (Zhao 

et al., 2006). If NHEJ is inhibited in the context of aberrant HR, this should lead to 

selective toxicity (Chernikova et al., 2012; Goodwin and Knudsen, 2014). I sought to 

determine whether KU-57788 would selectively kill MM which have aberrant HR.  
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Figure 3.2.8 shows that the MM cell line, CCL155, is sensitive to DNA-PKcs 

inhibition through treatment with KU-57788. No apoptosis is observed in the WT B cell 

line (AG87) even up to 10µM concentrations of KU-57788. Apoptosis is first seen in 

CCL155 cells with 5µM KU 57788 treatment. It should be noted that at 5µM KU-57788 

also inhibits PI3K and mTOR (Shortt et al., 2013). There is a faint p85-PARP band seen 

at 1µM KU 57788, but as this is of similar intensity to the untreated cells, it is likely a 

result of background apoptosis due to the DMSO rather than any KU-57788 effect. MM 

cell lines, MM1S and MM1R, are also sensitive to DNA-PKcsi treatment under these 

conditions (data not shown). Overall, this further shows that the MM cells have a 

defect in DSB repair, as inhibiting the other major DSBR pathway, NHEJ, induces 

selective toxicity in these cells.  

 
Figure 3.2.8 Dose response of MM cells to the DNA-PKcs inhibitor, KU-57788.  WT B cells 
(AG87) and an MM patient cell line (CCL155) were treated with the indicated doses of KU-
57788 for 3 hours. Apoptosis induction was monitored by ‘cleaved’ p85-PARP detection. 
Untreated (UNT) was treated with DMSO percentage equivalent to the highest dose in the CPT 
titration (10µM). 
 

3.2.3.4 Mirin (MRE11 exonuclease inhibitor) 

Mirin is a small molecule chemical inhibitor of MRE11 which is a component of the 

MRE11/RAD50/NBS1 (MRN) complex (Dupre et al., 2008). The MRN complex plays an 

important role in the response of cells to DNA DSBs by activating ATM and mediating 

resection at DSBs to promote HR-mediated repair (Lee and Paull, 2005). Mirin has 

been shown to inhibit HR in mammalian cells by limiting MRE11-mediated 

exonucleolytic resection, which is required to generate a ssDNA end for strand 

invasion (Dupre et al., 2008). Therefore mirin may counteract the aberrant and 

elevated HR seen in MM. 

Figure 3.2.9 shows that the MM cell line CCL155 is sensitive to Mirin treatment. 

No apoptosis is seen in the WT B cell line (AG87) even up to 25µM concentrations of 
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Mirin. Apoptosis is first seen in CCL155 cells with 10µM Mirin treatment. There is a 

faint p85-PARP band seen at 1µM Mirin treatment, but as this is of similar intensity to 

the untreated cells, it is likely a result of background apoptosis due to the DMSO rather 

than any drug effect.  

 The MRN complex plays a crucial role in the response of cells to DNA DSBs by 

activating ATM and mediating resection at DSBs to channel them into HR-mediated 

repair (Lee and Paull, 2005), therefore inhibiting it through Mirin treatment could 

explain why apoptosis is seen in the MM cells. 

Interestingly, the endogenous levels of PARP vary between these cell lines 

used, where the PARP levels of AG87 appear lower than the MM cell line (Figure 3.2.9). 

This is not an immediate issue as long as the protein levels are loaded equally within 

the same set of cell lines. However, it could be argued that the PARP levels seen would 

vary with the cleavage of the native protein to p85-PARP and therefore alternative 

loading controls should be considered. 

 

Figure 3.2.9 Dose response of MM cells to the MRN complex inhibitor, Mirin.  WT B cells 
(AG87) and a MM patient cell line (CCL155) were treated with the indicated doses of Mirin for 3 
hours before being harvested for western blotting analysis. Apoptosis induction is monitored 
by ‘cleaved’ p85-PARP detection. p85 PARP and PARP bands are indicated on the side of the 
image, where PARP is used as a loading control. Untreated (UNT) was treated with DMSO 
percentage equivalent to the highest dose in the CPT titration (25µM).  
 

3.2.3.5 Aurintricarboxylic acid (putative FEN1 inhibitor) 

Aurintricarboxylic acid (ATA) was identified in a chemical in vitro screen as a potential 

inhibitor of Flap Endonuclease 1 (FEN1) (Dorjsuren et al., 2011). FEN1 is an 

endonuclease which removes 5’ overhangs and processes 5’ ends of okazaki fragments 

in lagging stand DNA synthesis (Balakrishnan and Bambara, 2013). FEN1 is also crucial 
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in removing 5’ overhangs in long patch BER (Liu and Wilson). FEN1 is also involved in 

an alternative pathway of HR called single-strand annealing, SSA (Figure 3.2.10) 

(Peterson and Cote, 2004). This uses Rad52 to search for homologous sequences on 

the resected 3’ ends, and then FEN1 removes the remaining DNA “flap” on the 5’ end, 

allowing ligation to occur. Although this is a subset of HR, this pathway is error-prone 

leads to DNA sequence deletions. 

FEN1 is overexpressed in many cancers and has been shown to lead to an 

increase in the cancer phenotype (Singh et al., 2008). Inhibiting FEN1 already has 

shown to have synthetic lethal interactions in the context of defective HR (McManus 

et al., 2009; van Pel et al., 2013). More recently it has been shown that FEN1 is 

required for HR–mediated repair and FEN1 KO shows a HR defect (Fehrmann et al., 

2015). As the nuclease has an important role in many DNA repair pathways, inhibiting 

it in the context of aberrant HR in MM may cause synthetic lethality and is therefore 

another target of interest.  

 
Figure 3.2.10 Functions of the flap endonuclease 1 (FEN1) in HR.  In the alternative HR 
pathway, single-strand annealing (SSA), Rad52 binds to DNA and searches for homologous 
sequences on the resected 3’ ends. FEN1 then removes the 5’overhang allowing ligation to 
occur. Adapted from: (Peterson and Cote, 2004). 

 

Figure 3.2.11A shows that after 24 hours, apoptosis is seen in the MM line 

(MM1S) at 10µM and 50µM Aurintricarboxylic acid (ATA) treatment. Under these 
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conditions no p85-PARP signal is detectable in the WT B cells (AG87). However, cell 

viability analysis of the AG87 cells and 2 MM cell lines (MM1S and MM1R) (Figure 

3.2.11 B) indicates that there is no selective killing in any of the cell lines. Percentage 

viability across the range of 1µM to 10µM ATA treatment does not reduce the cell 

viability for any of the cell lines below 75%. Additionally, there is no consistent trend in 

cell viability between the cell lines. This could indicate that inhibition of FEN1 has no 

significance to the survival of MM cells. 

 
Figure 3.2.11 Dose response of MM cells to the FEN1 inhibitor, Aurintricarboxylic acid (ATA).  
(A) Western blot analysis of apoptosis induction following treatment of the WT B cell (AG87) 
and MM cell line (MM1S). Cells were treated for 24 hours with varying concentrations of 
Aurintricarboxylic acid (10, 50, 100, 200, 300, 400, 500µM). Untreated (UNT) was treated with 
DMSO percentage equivalent to the highest dose in the titration (500µM). Apoptosis is 
monitored using PARP cleavage to P85 PARP. P85 PARP and PARP bands are indicated on the 
side of the image, where PARP is used as a loading control. (B) Cell viability of WT B cells (AG87) 
and the MM lines MM1S and MM1R following treatment with varying concentrations of 
Aurintricarboxylic acid (1, 2.5, 5, 10µM). Cell viability was measured 72 hours post drug 
treatment using celltiter blue assay. Percentage viability is standardised to the untreated 
control (UNT). 
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ATA was found in an in vitro biochemical screen to inhibit FEN1, its efficacy in 

mammalian cells is unknown (Dorjsuren et al., 2011). It could be possible that FEN1 is 

not inhibited with ATA treatment under these conditions tested. Therefore, alternative 

FEN1 inhibitors which have been shown to have efficacy in human cells should be 

considered. Also, for the MM cell lines, further work would be to silence FEN1 (shRNA) 

is to see if this results in cell death. For this chapter, ATA was not taken further for use 

in combination treatments. 

3.2.3.6 CPT and KU-57788 combination 

I have shown that treatment with both CPT and KU-57788 individually induce 

apoptosis in MM cells. Therefore, combining these agents may increase the effect. CPT 

causes DNA damage through the accumulation of DSBs which are normally repaired by 

NHEJ or HR. As HR is aberrant in MM, inhibiting NHEJ (using DNA-PKcsi) leaves 

aberrant DSB repair pathways to repair the damage. This should lead to an increase in 

the selective kill.  

Figure 3.2.12A shows that combining CPT and KU-57788 increases apoptosis in 

the three MM cell lines CCL155, MM1S and MM1R, compared to treating with the 

agents individually. For example, the Image J quantification analysis for the CCL155 cell 

line, CPT gives an arbitrary intensity value of about 45 and DNA-PKcsi of about 40 

(Figure 3.2.12B). Combining these gives a value of 85 which is the same value of the 

intensity of the combined treatment band. This shows that the combination treatment 

causes an additive killing effect rather than a synergistic. Under these conditions no 

p85-PARP signal is detectable in AG87 cells for the single agent treatments (Figure 

3.2.12A). However, an apoptosis signal is seen in the combined treatment of CPT and 

DNA-PKcsi. This is highly undesired as the aim of this treatment is to increase the 

toxicity to the MM cells without affecting the toxicity to WT cells. A synergistic killing 

effect was not seen in the MM cells treated.  
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Figure 3.2.12 Combination treatment of CPT and DNA-PKcs inhibitor in MM cells.  (A) 
Western blot analysis of apoptosis induction in WT B Cells (AG87) and MM cell lines CCL155, 
MM1S and MM1R following treatment of CPT and DNA-PKcs inhibitor (KU-57788) individually 
and in combination. Apoptosis induction is monitored by ‘cleaved’ p85-PARP detection. Cells 
were treated for 3 hours (indicated doses on the image). p85 PARP and PARP bands are 
indicated on the side of the image, where PARP is used as a loading control. (B) Image J analysis 
of (A). Numerical densities of the bands were calculated for each cell line individually. The 
untreated (UNT) value was subtracted from each the single agent treated, and combination 
treated band values, leaving UNT as a 0 value. It should be noted that the values calculated are 
arbitrary numbers. The values also only have significance within the context of the set of bands 
selected for on a single gel image. Therefore, the densities of the bands were all expressed 
relative to the untreated band that was selected (N=2).  

 

3.2.3.7 Mirin and KU-57788 Combination 

I have shown that treatment with Mirin and DNA-PKcsi (KU-57788) individually 

selectively target MM cells (Figure 3.2.8 and Figure 3.2.9). Therefore, combining these 

agents may increase the selectivity. Mirin inhibits the MRN complex which is essential 

for forwarding signal from DNA DSBs, therefore preventing MRN-dependant activation 

of ATM, abolishing the G2/M checkpoint and ultimately prevents HR (Dupre et al., 

2008). Inhibiting DNA-PKcs which inhibits NHEJ, would therefore leave no major DSB 

repair pathways to repair the damage and should lead to an increase in the selective 
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kill. Figure 3.2.13 indicates that combining Mirin and KU-57788 increases apoptosis in 

the two MM cell lines tested (CCL155 and MM1R) compared to treating with the 

agents individually. However, as with the CPT and DNA-PKcsi combination, this 

combination treatment causes an additive killing effect rather than a synergistic. The 

other MM line tested, MM1S, does not appear to have an increase in apoptosis with 

the combination. In contrast the intensity of the band appears to decrease in the 

combination compared to either of the agents treated alone. This difference in 

consistency between MM cell lines could be due to experimental error. For example 

the loading control PARP bands between the MM1S data set do not appear equal and 

hence the protein could have been loaded less in the combination treatment. Under 

these conditions no p85-PARP signal is detectable in AG87 cells with the treatments of 

Mirin and DNA-PKcsi alone or combined. This provides evidence of a possible 

therapeutic window of using this particular combination to selectively kill MM cells. 

This could form the basis of further studies in mouse models of MM. 

 

Figure 3.2.13 Combination treatment of Mirin and DNA-PKcs inhibitor in MM cells.    Western 
blot analysis of apoptosis induction in WT B Cells (AG87) and MM cell lines CCL155, MM1S and 
MM1R following treatment of Mirin and DNA-PKcs inhibitor (KU-57788) individually and in 
combination. Apoptosis induction is monitored by ‘cleaved’ p85-PARP detection. Cells were 
treated for 3 hours with either the single agents or both combined (indicated doses on the 
image). P85 PARP and PARP bands are indicated on the side of the image, where PARP is used 
as a loading control. 
 

3.2.3.8 CSA Acetate and KU-57788 Combination 

I have shown that MM cells are sensitive to KU-57788 treatment (DNA-PK inhibition) 

alone. I sought to determine whether combining this with CyPA inhibition would 

increase the selective killing on MM cells compared to WT B-cells. The use of the 
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immunosuppressant CSA to inhibit CyPA is an undesired treatment for 

immunocompromised MM patients. Therefore, I utilised the CSA NIA, CSA Acetate 

(CSA-A).  

Similar to treatment with CSA alone, the MM cells tested (MM1S and MM1R) 

are also sensitive to CSA-A treatment (Figure 3.2.14). Increasing the dosage of CSA-A 

used, increases the intensity of the p85-PARP band (1, 2.5, 5 µM CSA-A doses). 

Therefore, CSA-A can be used as a suitable alternative to CSA when working with MM 

cells. Figure 3.2.14 shows that treatment for 24 hours with either KU-57788 (10µM) or 

CSA-A (1, 2.5, 5 µM) alone induces no apoptosis in the WT B cells (AG87). On the other 

hand, in the 2 MM treated cell lines (MM1S and MM1R) treatment with the DNA-PKcs 

inhibitor (10µM) induces apoptosis, as seen before (Figure 3.2.14).  

 
Figure 3.2.14 Combination treatment of CSA-A and DNA-PKcs inhibitor in MM cells. Western 
blot analysis of apoptosis induction in WT B Cells (AG87) and MM cell lines CCL155, MM1S and 
MM1R following treatment of CSA-A (1, 2.5, 5 µM) and 10µM DNA-PKcs inhibitor (KU-57788) 
individually and in combination. Apoptosis induction is monitored by ‘cleaved’ p85-PARP 
detection. Cells were treated for 3 hours with either the single agents or both combined. P85 
PARP and PARP bands are indicated on the side of the image, where PARP is used as a loading 
control. 

 
Combining 10µM DNA-PKcsi and 5µM CSA-A, results in elevated levels of p85-

PARP compared to treatment with each compound alone in the MM line MM1R, but 
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not seen in the lower CSA-A doses treated (Figure 3.2.14). Similar to the other 

combinations tested, this increase in apoptosis seen is an additive effect rather than 

synergistic. Slight apoptosis is seen in the combination treatments for AG87. However, 

this is insignificant compared to previous combination treatments and could possibly 

provide for the biggest therapeutic window. Combining 10µM DNA-PKcsi and 2.5µM 

CSA-A, results in elevated levels of p85-PARP compared to treatment with each 

compound alone in the MM line MM1R, but not seen in the other tested CSA doses 

(Figure 3.2.14). 
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3.3 Summary 

In this chapter I have described experimental evidence to show that: 

• MM patients with increased expression of CyPA exhibit poor survival rates. 

• Select MM cell lines are sensitive to CyPAi through CSA treatment when cells 

are cultivated in 3D culture (in addition to the same cells cultivated in 2D 

culture).  

• MM lines are sensitive to treatment with the following drugs (where WT cells 

are not sensitive under the conditions tested): 

o Camptothecin (Topo 1 inhibitor)  

o NVP-BEZ235/Dactolisib (Dual PI3K/mTOR inhibitor) 

o KU-57788 (DNA-PKcs inhibitor) 

o Mirin (MRN complex inhibitor) 

o CSA Acetate (CSA NIA) 

• Combination treatment of the following drugs increases the sensitivity of 

treatment to MM lines in an additive manner: 

o Camptothecin and KU-57788 

o Mirin and KU-57788 

o CSA Acetate and KU-57788 
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3.4 Discussion 

Through bioinformatic analysis of microarray datasets, I have shown that 90% of MM 

patients exhibit elevated expression levels of PPIA (CyPA gene) which correlates with 

drastically lower survival rates (Figure 3.2.1). Here we can advocate the possible use of 

CyPAi, specifically CSA NIAs in the treatment regime of MM. CSA NIAs are currently 

being developed as antivirals, being well-tolerated in patients (Daelemans et al., 2010; 

Watashi, 2010a). Drugs in oncology have the lowest probability of reaching FDA 

approval, with the success rate for new drugs from phase 1 to FDA approval in the 

USA from 2003-11 was 6.7% (Hay et al., 2014). Hence, drug repurposing is important 

as it can significantly cut development and time costs (Pantziarka et al., 2015).  

 In this chapter, I have shown that inhibition of CyPA through CSA treatment, 

selectively kills some patient-derived MM cells (Figure 3.2.3). We have previously 

found that XRCC3 mutant HR defective cells are sensitive to CyPAi through CSA 

treatment. I have shown that a patient derived MM cell line is similarly sensitive to CSA 

when grown in a more clinically relevant 3D culture system. Future work would be to 

acquire primary patient MM cells and characterise the efficacy of the treatments 

above and CSA NIAs. These cells will be grown on a stromal feeder layer. This ex vivo 

approach better mimics the in vivo situation (de la Puente et al., 2015). This work 

would be conducted with the aim to progress to mouse models and clinical trials. 

I have also shown that drugs targeting components of the DDR selectively induce 

apoptosis in MM cells. Treatment with the Topo1 inhibitor, CPT also selectively kills 

MM cells (Figure 3.2.6). The DNA DSBs which result from CPT treatment are formed 

during S-phase when the DNA replication fork collides with the Topo1 “cleavable 

complex” at unrepaired SSBs. These highly toxic single-ended DSBs are repaired 

exclusively by HR (Jakobsen et al., 2019). In MM cells, HR is aberrant and likely unable 

to accurately or effectively repair this type of replication induced break, which can lead 

to cell toxicity and apoptosis. Inhibiting the major DSB repair pathway, NHEJ, using the 

DNA-PKcs inhibitor KU-57788, induces apoptosis in MM cells specifically, but not 

normal control cells (Figure 3.2.8). This implies that the aberrant and elevated HR in 

MM is not sufficient to repair the endogenous DNA damage in these cells alone. 
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Inhibiting total HR through the MRE11 exonuclease inhibitor mirin, also induces 

apoptosis in MM cells, but not normal WT cells (Figure 3.2.9). It should be noted that 

this is in the absence of exogenous damage, and inhibiting components of NHEJ or HR 

individually in MM leads to apoptosis pathway induction, possibly through unrepaired 

endogenous damage. It is expected that NHEJ would exhibit redundancy in repairing 

DSBs when HR is inhibited in MM cells. However, this is not seen and MM cells are 

sensitive to total HR inhibition alone. This implies that the endogenous DNA damage in 

MM cells are not direct DSBs and a subset of HR is required to repair this damage. This 

data suggests that targeting the DDR in MM could be a promising therapeutic target in 

patients. Combination treatments of these agents has shown an additive toxicity effect 

in MM cells, inducing modest toxicity in WT B cells. These combinations therefore 

need to be tested further to increase the therapeutic window in MM without affecting 

normal cells. 

Recently, Viziteu et al. reported that MM patients with RECQL overexpression 

exhibit poor prognosis (Viziteu et al., 2017). RECQL is a helicase involved in resolving 

HR intermediates, specifically resolving holiday junctions and D-loops, working distinct 

from BLM and RAD54 (Bugreev et al., 2008; Mazina et al., 2012). In the absence of 

RECQL, D-loops of this type persist, generating toxic dead-end replication structures as 

they cannot be processed by DNA polymerases or prime DNA synthesis. The role of 

RECQL is therefore important in the replication stress (RS) response to recover stalled 

replication forks. Inhibition of RECQL in MM induces apoptosis implying that RECQL 

plays a role in MM RS survival. (Viziteu et al., 2017). Previous work in the lab has 

shown RECQL to interact with CyPA through IP (E.Outwin; not shown). CyPA could 

potentially also be involved here in MM to protect from RS.  

Previous work in the lab shows that MM cells are sensitive to ATR but not ATM 

inhibition (E.Outwin; not shown). Recent work by Herrero et al. confirms this result 

(Herrero and Gutierrez, 2017). ATR phosphorylates H2AX to γH2AX in response to DNA 

damage from replication stress (RS) (Chanoux et al., 2009). Hideshima et al. reported 

increased RS in MM marked by increased levels of p-ATR and p-CHK1 and RPA foci 

(Hideshima et al., 2013). They also reported that the RS is due to aberrant levels of the 
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oncogene MYC in MM, with levels of DNA damage correlating with MYC levels in MM 

(Hideshima et al., 2013).  This increased RS could explain the high levels of endogenous 

DNA damage in MM. The breaks associated with RS are usually resolved by HR, which 

is elevated and aberrant in MM. Hence, inhibiting ATR signalling and HR in MM leads 

to unresolved DNA damage from RS and toxicity.  

Baumann et al. has showed the efficacy of using the dual PI3K/mTOR inhibitor 

NVP-BEZ235 in inhibiting the growth of MM cells (Baumann et al., 2009). I have 

confirmed this result by showing it induces apoptosis in MM cell lines but not WT B 

cells (Figure 1.18). Inhibiting PI3K and mTOR leads to the destabilisation and 

degradation of MYC (Swords et al., 2015). Hence, this inhibits the oncogene-driven 

uncontrolled cell proliferation. Around 15% of MM patients exhibit c-MYC mutations 

(Shortt et al., 2013). This could be the mechanism of how NVP-BEZ235 is toxic to MM 

cells with aberrant MYC expression levels. 

Taken together, these results indicate that RS in some cases of MM, due to 

oncogene activation, leads to ongoing DNA damage which induces ATR activation to 

phosphorylate γH2AX and activate the DDR. This DNA damage is then repaired by an 

aberrant HR pathway in MM, leading to the elevated levels of HR seen and the 

incorporation of mutations. This progresses the pathogenesis of the disease in some 

instances. 

Inhibiting CyPA induces toxicity in MM cells. It can be postulated that CyPA has 

a role in protecting from RS in MM experiencing high levels of endogenous damage. 

Elevated CyPA levels confer a poorer prognosis in MM patients. In the subsequent 

chapter I will explore the potential mechanistic role of CyPA in MM. 
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4 Chapter Four – NF45/ILF2 and CyPA 
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4.1 Introduction 

Of the recurrent chromosomal aberrations seen in Multiple Myeloma (MM), 

amplification of 1q21 (1q21AMP) is one of the most frequently occurring (Hanamura et 

al., 2006). 1q21AMP occurs in ~30% of de novo patients and ~70% of relapsed patients 

(Hanamura et al., 2006). It is associated with high-risk MM, correlating with disease 

progression, drug resistance and poor prognosis (Klein et al., 2011; Nemec et al., 

2010).  Within the 1q21 chromosomal region is ILF2 which encodes nuclear factor 45 

(NF45). This is of particular interest as NF45 and its binding partners NF90/NF110 (ILF3) 

are present in the CyPA-BioID as potential CyPA interactors.  

NF45 depleted cells exhibit an impairment of HR, with NHEJ being unaltered 

(Marchesini et al., 2017). On the other hand, overexpression of NF45 increased the HR 

frequency in MM cells, reducing γH2AX signals (Marchesini et al., 2017). Marchesini et 

al. also implicated NF45 overexpression in resistance to the DNA cross-linker, 

Melphalan. Melphalan is included in the treatment regime of MM, with therapy 

resistance occurring frequently. NF45 and by association, CyPA could be involved here.  

4.1.1 NF45-NF90 function 

NF45 (also known as ILF2) forms a heterodimer complex with NF90 family proteins 

(Reichman et al., 2003). This includes NF90 and its C-terminal extended isoform, 

NF110. NF90 and NF110 (also collectively known as ILF3) are both encoded by ILF3 and 

are differentially generated through alternative splicing (Reichman et al., 2003). The 

function of NF45 has been rarely studied outside of its role in complexes with NF90 

and NF110 (NF45-NF90 and NF45-NF110). These complexes are implicated in various 

cellular functions, including: control of gene expression, DNA repair, DNA replication 

and mitotic control (Barber, 2009; Guan et al., 2008; Shamanna et al., 2011). NF45-

NF90 was initially purified as DNA binding proteins, through its interaction with the 

interleukin 2 (IL2) gene promotor in activated T-cells (Corthesy and Kao, 1994). This is 

unusual, given that the proteins do not contain a classical DNA-binding domain (Figure 

4.1.1). Figure 4.1.1 shows the domain organisation of NF45 and NF90. Both proteins 

contain a glycine-arginine-rich RG/RGG motif for RNA binding and dimerization occurs 
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through their common Domain associated with Zinc Fingers (DZF) domain. 

Additionally, NF90 contains a Nuclear Localisation Sequence (NLS) and two double-

stranded RNA-binding domains (dsRBDs). The NF45-NF90 complex is thought to 

primarily function in the context of RNA metabolism, including transcription, RNA 

transport, mRNA stability and translation (Barber, 2009).  

 
Figure 4.1.1 Domain organisation of NF45 and NF90.  (A) Schematic of the domain and motif 
organisation in NF45 and NF90. Amino acid lengths (a.a) of each protein is indicated. Proteins 
dimerise through Domain associated with Zinc Fingers (DZF). The RG/RGG motif (RGG) is for 
RNA binding. NF90 contains two Double-stranded RNA-binding domain (dsRBD) and a Nuclear 
Localisation Sequence (NLS). Figure created from: https://www.uniprot.org/uniprot/Q12905 
(B) Crystal structure of the NF45-NF90 DZF dimerization domain. Residues used for the crystal 
structure: 29-390 (blue) and NF90 1-380 a.a. (red). 

 

4.1.1.1 NF45-NF90 and mRNA stabilisation 

NF45-NF90 negatively regulates microRNA (miRNA) biogenesis (Higuchi et al., 2016; 

Sakamoto et al., 2009; Todaka et al., 2015). The complex binds to endogenous primary 

miRNAs (pri-miRNAs), preventing their processing to mature precursor-miRNA (pre-

miRNA) (Sakamoto et al., 2009). Pre-miRNAs repress gene expression through their 

binding to 3’UTR’s of messenger RNA (mRNA), resulting in the transcriptional inhibition 

https://www.uniprot.org/uniprot/Q12905
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of the mRNA (Bartel, 2004). Overexpression of NF45/NF90 reduces the negative 

regulation of mRNA, increasing mRNA transcription (Sakamoto et al., 2009). NF45-

NF90 overexpression is implicated in disease progression of Hepatocellular Carcinoma 

(HCC) (Higuchi et al., 2016). NF45-NF90 binds to the anti-oncogenic miRNA MicroRNA-

7 (miR-7), preventing its maturation. miR-7 binds to epidermal growth factor (EGF) 

receptor mRNA, sequestering its expression (Kefas et al., 2008; Webster et al., 2009b). 

The EGF receptor signals to the AKT/PKB signalling pathway which is involved in cell 

proliferation and apoptosis resistance (Engelman, 2009; Shaw and Cantley, 2006). 

Hence, NF45-NF90 overexpression in HCC leads to an increase in EGF receptor levels, 

which ultimately promotes uncontrolled cell growth (Higuchi et al., 2016). The complex 

can also stabilise mRNA through direct binding to 3’UTR of the mRNA, slowing the 

degradation of the mRNA (Kuwano et al., 2008; Kuwano et al., 2010; Shim et al., 2002). 

In activated T-cells, NF90 is exported to the cytoplasm from the nucleus to bind to 

3’UTR of IL-2 mRNA and stabilise the mRNA (Shim et al., 2002). 

4.1.1.2 NF45-NF90, DNA repair, DNA replication and the cell cycle 

NF45-NF90 is implicated in the repair of DNA DSBs. The complex co-IPs with all three 

subunits of DNA-PK, including DNA-PKcs, KU70 and KU80 (Shi et al., 2007; Ting et al., 

1998). DNA-PK is crucial in the repair of DNA DSBs through Non-Homologous End 

Joining (NHEJ) (Lieber, 2010). NF45-NF90 facilitates the binding of DNA-PK to DNA 

(Ting et al., 1998), binding to DNA-PK independently of DNA being present (Shamanna 

et al., 2011). In vitro, depleting NF45 and NF90 reduces the efficacy of DNA end ligation 

in NHEJ assays (Shamanna et al., 2011). Cells with depleted NF45-NF90 exhibit 

decreased DNA damage repair, marked by increased levels of γH2AX foci, and exhibit 

sensitivity to IR (Shamanna et al., 2011). This suggests a possible role of NF45-NF90 in 

NHEJ to repair DNA DSBs, although precise underline mechanism is unclear. 

Recently, Gupta et al. reported Apex-biotin ligase proximity interactomes of 

BRCA1, MDC1 and 53BP1 to show interaction with NF45 and NF90 (Gupta et al., 2018). 

MDC1 is recruited to γH2AX in response to DNA damage, which functions as a scaffold 

for the key ubiquitin ligases required for chromatin ubiquitylation events (Blackford 

and Jackson, 2017). These chromatin structure changes form docking sites for 



86 

 

downstream signalling effectors of DSB repair, including BRCA1 and 53BP1 (Blackford 

and Jackson, 2017). BRCA1 and 53BP1 counteract each other to promote either HR or 

NHEJ respectively. BRCA1 is critical to initiate DNA end resection by preventing 

recruitment of 53BP1 and its downstream effectors in S/G2 phases of the cell cycle, 

antagonising the NHEJ pathway. 53BP1 suppresses nucleolytic resection of DNA 

termini through end-protection involving RIF1. RIF1 recruits REV7/MAD2L2, which is a 

member of the end protection complex known as Shieldin. Shieldin is essential to block 

resection and loss of the complex leads to impaired NHEJ and hyper-resection. The 

CyPA-BioID assay conducted in the lab to find proximal CyPA proteins include: NF45-

NF90, 53BP1, RIF1 and REV7’s binding partner, Chromosome alignment-maintaining 

phosphoprotein 1 (CHAMP1). Given the DNA repair defects with CyPAi/KD outlined in 

previous chapters and that NF45-NF90 interacts with many key players central to the 

DNA damage response, it suggests a possible novel role of the complex in the repair of 

DNA DSBs, although precise underlying mechanism is unclear. 

 
Figure 4.1.2 Interactors of NF45-NF90 involved in the DNA damage response.  Red arrows 
indicate previously reported NF45-NF90 interactors. Blue proteins are present as potential 
CyPA interactors in CyPA-BioID assay conducted in the lab. The Shieldin complex is shown in 
purple which counteracts end resection. Shieldin is recruited in a 53BP1- and RIF1-dependent 
manner to promote DSB repair by NHEJ. 

 
NF45-NF90 is also involved in the cell cycle. Depleting NF45 or NF90 reduces 

the rate of DNA synthesis and impairs cell proliferation and DNA replication (Guan et 

al., 2008). NF45-NF90 migrates to the cytoplasm from the nucleus during mitosis 

(Matsumoto-Taniura et al., 1996; Parrott et al., 2005). Depleting NF45 or NF90 also 
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induces a giant multinucleated cell phenotype, perhaps indicative of under replicated 

regions of DNA entering mitosis and forming nucleoplasmic bridges (Guan et al., 2008). 

This phenotype could be due to possible role of NF45 in the DNA replication 

machinery. NF45 interacts with key components of the pre-replication complex (pre-

RC) including: origin recognition complex (ORC) members, ORC2-3 and all the 

minichromosome maintenance (MCM) protein complex members, MCM2-7 (Drissi et 

al., 2015; Karmakar et al., 2010). The pre-RC is required during the initiation step of 

DNA replication, forming at the origin of replication (Tsakraklides and Bell, 2010). The 

ORC is the initiating member of the pre-RC which binds to the origin of replication and 

recruits MCM (Mendez and Stillman, 2003). The MCM complex heterohexamer is a 

member of the pre-RC and is the DNA helicase essential for genomic DNA replication. 

The MCM complex is also important in protection from replication stress, with 

ATM/ATR-dependent MCM phosphorylation required for cells to repair DNA damage, 

restart replication, and recover from cell cycle arrest (Fei and Xu, 2018). NF45 also 

interacts with all the members of the Replication protein A (RPA) complex (RPA1-2-3) 

(Marechal et al., 2014). During DNA replication and HR, RPA binds to single-stranded 

DNA and prevents the formation of secondary structures (Zou and Elledge, 2003). 

Nonetheless, there is a limited understanding of how NF45 works especially regarding 

DNA replication. Previous work in the lab shows that CyPA loss induces DNA replication 

fork stalling and possible uncontrolled hyper-resection from stalled replication forks (R. 

Colnaghi; unpublished). It is possible the functional association between NF45 and 

CyPA contributes to the G1-S and DNA replication abnormalities. 

NF90 binds the 3’UTR of p21 (also known as p21WAF1/Cip1) mRNA, stabilising the 

mRNA (Shi et al., 2005). Depleting NF90 in mice leads to a rapid degradation of p21 

mRNA (Shi et al., 2005). Depleting NF90 also causes NF45 depletion post-

translationally, due to NF45 destabilisation outside of the NF45-NF90 complex (Guan 

et al., 2008). p21 has important roles in coordinating the cell cycle and DNA replication 

in response to DNA damage and other cellular stimuli (Figure 4.1.3). p21 induces cell 

cycle arrest by binding to and inhibiting cyclin/CDK complexes that drive progression 

through the cell cycle (Xiong et al., 1993). This action is mainly through the inhibition of 

CDK2, preventing entry from G1 into S-phase (Abbas and Dutta, 2009). 
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Figure 4.1.3 Schematic of the inhibitory effects of p21 on cell proliferation and apoptosis.  
p21 is a master regulator of cell fate in response to many stimuli. In response to DNA damage 
or oxidative dress, p21 induces cell cycle arrest dependant on p53 activation. p21 induces cell 
cycle arrest through its direct inhibition of cyclin-dependent kinase 2 (CDK2) activity. p21 can 
also inhibit cell proliferation by inhibiting proliferating cell nuclear antigen (PCNA), which is 
required for DNA replication and progression through S-phase. p21 has inhibitory effects on 
apoptosis through inhibition of CDK2 and direct inhibition of pro-apoptotic caspases. Figure 
from: (Abbas and Dutta, 2009). 

 
p21 has a crucial role in inhibiting apoptosis in a variety of contexts, dependant 

or independent of p53 activation (Gartel and Tyner, 2002). p21 is a well-studied 

transcriptional target of the tumour suppressor, p53 (Kulaberoglu et al., 2016). p53 is 

activated in response to oxidative stress or DNA damage, to initiate transcription of 

genes that induce growth arrest, DNA repair or apoptosis (Kulaberoglu et al., 2016). In 

this context, p21 counteracts the pro-apoptotic effects of p53 to inhibit apoptosis and 

arrest the cell (Abbas and Dutta, 2009). p21 mediates apoptosis inhibition through 

various mechanisms (Gartel and Tyner, 2002; Sohn et al., 2006). p21 directly binds to 

and inhibits pro-apoptotic molecules such as: pro-caspase-3, caspase 8 and apoptosis 

signal regulating kinase 1 (ASK1). p21 can also inhibit apoptosis through cell cycle 

arrest by binding to and inhibiting cyclin/CDK2 complexes. Proteolytic cleavage of p21 
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by activated caspase-3 promotes apoptosis by releasing cyclin A/CDK2 inhibition 

(Gervais et al., 1998; Jin et al., 2000). In response to replication stress, p21 has been 

reported to inhibit S-phase apoptosis, independent of p53 signalling (Rodriguez and 

Meuth, 2006). p21 also controls DNA replication through its interaction with 

proliferating cell nuclear antigen (PCNA) (Waga et al., 1994). PCNA is inhibited directly 

by p21, blocking its ability to interact with the replicative DNA polymerases (Waga et 

al., 1994).  

4.1.2 1q21AMP, NF45 and cancers 

4.1.2.1 Multiple myeloma  

MM patients with 1q21AMP exhibit overexpression of NF45 independent of NF90 

expression, as NF45 is present on chromosome 1q21, whereas NF90 is not (Zerbino et 

al., 2017). The role of NF45 outside of its complex with NF90 and whether they are 

redundant or functionally distinct is unclear.  

Marchesini et al. presented data on NF45 function and how it is linked with poor 

prognosis and therapy resistance, independent of NF90 function (Marchesini et al., 

2017). NF45 depleted cells exhibit an impairment of HR, with NHEJ being unaltered 

(Marchesini et al., 2017). On the other hand, overexpression of NF45 increased the HR 

frequency in MM cells, reducing DNA damage, exhibited by reduced γH2AX signals 

(Marchesini et al., 2017). This data implicates NF45 in the interplay between the DNA 

damage response (DDR) and RNA metabolism (Figure 4.1.4). Via directly influencing 

the expression of genes involved in DNA damage repair in response to DNA damage. 

NF45 interacts with heterogeneous nuclear ribonucleoproteins (hnRNPs) and 

RNA-binding proteins (RBPs), including: NPM, YB-1, nucleolin, ADR1. hnRNPs comprise 

a family of RNA-binding proteins which are directly involved in DNA-R, genome 

stability and DDR by modulating alternative splicing and stability of specific pre-mRNAs 

(Dutertre et al., 2014). NF45 depleted MM cells exhibit aberrant RNA splicing patterns, 

especially of genes involved in the DNA damage response and HR (Marchesini et al., 

2017). DNA damage signals to hnRNPs and RBPs to influence mRNA splicing and 

metabolism to modulate cellular responses and cell fate. For example, by splicing 
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mRNA to include premature stop codons and degrade undesired proteins (Dutertre et 

al., 2014). 

 
Figure 4.1.4 Schematic of NF45 (ILF2) involvement in increased DNA Damage Response and 
resistance to DNA damaging agents in MM.  MM patients carrying 1q21 amplifications exhibit 
overexpression of NF45. NF45 binds to heterogeneous nuclear ribonucleoproteins (hnRNPs) 
and RNA-binding proteins (RBPs), which regulate the mRNA splicing of factors involved in DNA 
repair and DNA damage response. NF45 promotes MM cell resistance to DNA-damaging agents 
through this mechanism. Figure from: (Marchesini et al., 2017). 

 
Marchesini et al. presents a model where NF45 overexpression causes 

resistance to the DNA crosslinker, melphalan (Marchesini et al., 2017). Melphalan is 

included in the treatment regime of MM, with therapy resistance becoming an 

increasing issue (Abdi et al., 2013). Melphalan induces cytotoxicity by inducing various 

DNA adducts, including DNA interstrand cross-links (ICL) (Spanswick et al., 2002). MM 

patients with resistance to melphalan therapy exhibit more efficient DNA ICL repair, 

with the sensitivity of MM cells to melphalan correlating with ICL repair (Spanswick et 

al., 2002). Melphalan treated and NF45 depleted cells exhibit aberrant mRNA splicing 
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of proteins involved in the Fanconi anaemia (FA) pathway of HR (EXO1, FANCM, 

FANCD2, FANCE), which is involved in repairing DNA ICLs (Marchesini et al., 2017). 

Increased ICL repair via the FA pathway correlates with melphalan drug resistance in 

MM (Chen et al., 2005). Disrupting the FA pathway reverses this drug resistance in MM 

(Chen et al., 2005). Their overexpression of NF45 was postulated to cause melphalan 

resistance by increasing the expression of FA proteins to increase the repair of ICLs 

which would normally cause cell toxicity (Marchesini et al., 2017).  

The mechanism could be through NF45’s interaction with the RBP, YB-1. NF45 

overexpression leads to an increased nuclear translocation of YB-1 (Marchesini et al., 

2017). YB-1 is involved in RNA metabolism, transcription, splicing of pre-mRNA, 

regulation of mRNA stability and translocation (Wu et al., 2007). Following DNA 

damage, NF45 positively regulates the binding of YB-1 to EXO1 and FANCD2 

transcripts, increasing their expression (Marchesini et al., 2017). Therefore, 

overexpressing NF45 leads to an increased expression of proteins involved in FA. 

NF45 and its binding partners NF90/NF110 (ILF3) are both found in the CypA-

BioID. Uncovering a functional relationship between CyPA and NF45 may provide a 

mechanistic insight into how CyPA overexpression is correlated with poor prognosis in 

MM patients, as outlined in GenomicScape data analysis in the previous chapter. 

Targeting NF45 in 1q21AMP MM patients is being explored (Marchesini et al., 2017). 

Exploring the CyPA-NF45 relationship in this context is important as CyPA can be 

inhibited with CSA and non-immunosuppressive CSA analogues.  

4.1.2.2 Breast cancer 

The 1q21AMP is observed in around 10-30% of primary breast tumours and in >70% of 

recurrent tumours, regardless of breast cancer (BC) subtype (Goh et al., 2017). The 

1q21AMP is detectable in cell-free DNA from BC patient blood and is strongly associated 

with disease progression, poor prognosis and tumour resistance to chemotherapy 

(Goh et al., 2017). The 1q21AMP has been proposed as a tractable circulating BC 

biomarker, whilst NF45 itself has been proposed as a prognostic biomarker for this 

disease (Goh et al., 2017; Jin et al., 2018). Jin et al. found that many BCs had elevated 
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expression levels of NF45 which correlated with an aggressive phenotype, BRCA1 

mutations, and the triple-negative/basal-like subtype. In each of these cases, NF45 

overexpression resulted in shorter survival rates in patients (Jin et al., 2018). The 

mechanism of how NF45 is involved in the pathogenesis of BC is unknown, however Jin 

et al. showed through ingenuity pathway analysis that NF45 expressing breast cancers 

exhibited differential expression of many pathways including: “G2/M DNA damage 

checkpoint regulation”, “Cell cycle control of chromosomal replication” and “Role of 

BRCA1 in DNA damage response” (Jin et al., 2018).  
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4.2 Results 

4.2.1 Confirming BioID interaction of CyPA and NF45 

The BioID interaction assay conducted in the lab has provided a list of proteins which 

are proximity to CyPA.. I sought to determine whether an interaction between CyPA 

and NF45 exists through immunoprecipitation (IP).  

 
Figure 4.2.1 Interaction of NF45 and CyPA through Immunoprecipitation (IP).  HEK293 cell 
protein extracts were made from untreated (UNT) cells or following 20µM CSA treatment for 3 
hours (CSA). Extracts were subjected to IP and western blot analysis. Control IP without cell 
extract is loaded (Ctrl). (A) IP using an antibody against endogenous CyPA. Native NF45 and 
NF90/110 antibodies used to show co-IP with CyPA. HU is cells treated with 1mM Hydroxyurea 
for 16 hours. (B) IP using an antibody against endogenous NF45. Native NF90/110 and CyPA 
antibodies used to show co-IP with NF45. (C) Bacterially expressed recombinant ILF2 was 
incubated with streptavidin-CyPA beads or streptavidin-only beads (Strepav), then eluted with 
desthiobiotin. Direct interaction between ILF2 and CyPA is shown by elution from the CyPA-
beads (upper panel). Direct binding is extremely stable; intact in 500mM NaCl, 0.2% Triton and 
2M urea wash steps. 

 
Figure 4.2.1A shows that NF45 and its binding partner NF90/NF110 co-IPs with 

endogenous CyPA. Interestingly, treatment with CSA abolishes this interaction, 

whereas treatment with hydroxyurea (HU) does not. The CSA findings indicate the PPI 
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activity of CyPA is essential in mediating a stable interaction with NF45 and NF90. I 

have shown that treatment with CSA abolishes the interaction between CyPA and 

NF45 and CyPA and NF90/110. I sought to determine whether CSA also interrupts the 

interaction between NF45 and NF90/110. Figure 4.2.1B shows that NF90/110 co-IPs 

with endogenous NF45 in untreated cells and CSA treated cells. Therefore, CSA 

treatment does not abolish this interaction. CyPA consistently co-IPs with endogenous 

NF45 in untreated cells but not CSA treated.  

Since obtaining this result, work in our lab has shown direct interaction in vitro 

through bacterially expressed NF45 and CyPA (Figure 4.2.1C unpublished; E. Outwin). 

This is important as it potentially indicates that ILF2/NF45 may represent a novel CyPA 

target protein. Further work is required to identify target Pro residue and its functional 

significance. 

4.2.2 Creation of model NF45 overexpression line 

MM patients who have an overexpression in NF45, experience poor prognosis 

(Marchesini et al., 2017). I have shown that NF45 and CyPA interact (Figure 4.2.1). 

CyPA therefore may play a role in the pathogenesis of MM through its interaction with 

NF45. I sought to determine the cellular effects of NF45 overexpression, with the aim 

to elucidate the role of CyPA in MM and DNA repair. To study the effects of NF45 

overexpression, I created stable NF45 overexpression cells in the U2OS model cell line 

(Figure 4.2.2). It should be noted that the p53-p21 axis is not disrupted in U2OS cells 

(Tovar et al., 2006). U2OS cells were transfected with mammalian expression vector 

containing MYC-FLAG tagged NF45 or the vector alone (control cells). This vector 

contains neomycin resistance and successfully transfected cells were selected for with 

G418. Single cell colonies were selected and grown for western blot analysis, to 

determine the levels of NF45 (Figure 4.2.2). Clone #4 expresses a similar protein level 

of tagged NF45 compared to endogenous NF45, therefore this cell line expresses 

around 200% of the endogenous level of NF45. I selected this cell line for following 

experiments in this chapter (subsequently named “+NF45 U2OS”). I selected clone #2 

for the control U2OS cell line (subsequently named “CTRL U2OS”). About 50% of the 

clones tested did not overexpress NF45. The plasmid used for transfection contains a 
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separate promotor for antibiotic resistance (SV40 promotor) and for tagged-NF45 

(CMV promotor). Hence, the antibody resistance would have been integrated 

separately to the gene of interest in these cells that do not express the tagged NF45.  

 
Figure 4.2.2 Creation of NF45 stable overexpression U2OS cell line.  Western blot analysis of 
U2OS cell extracts transfected with mammalian expression vector containing myc-FLAG tagged 
NF45 (+NF45 U2OS) or expression vector without NF45 (CTRL U2OS). Cells were grown in G418 
antibiotic selection. Single cell colonies were selected for and grown (denoted by # following a 
number). 
 

4.2.3 Sensitivity of NF45 overexpression cells to CSA 

I have shown that NF45 and CyPA interact, with CSA treatment abolishing this 

interaction (Figure 4.2.1). NF45 overexpression cells could exhibit increased 

dependency on NF45’s interaction with CyPA. I sought to determine whether inhibiting 

CyPA through CSA treatment induces selective toxicity in NF45 overexpression cells. 

This is with the aim of utilising CyPAi as a potential therapeutic in MM patients with 

1q21AMP. Methylene blue staining (Figure 4.2.3A) revealed a decrease in viable +NF45 

cells following CSA treatment compared to CTRL cells. Cell survival appears to be 

decreased in +NF45 U2OS at 2.5µM CSA. In contrast, CTRL U2OS appear to be 

unaffected by 5µM CSA. This indicates that cells overexpressing NF45 depend on CyPA 

for survival. To obtain quantitative survival data for this experiment, I treated +NF45 

cells with varying CSA concentrations and subjected cells to clonogenic survival. 

Moderate sensitivity was seen in +NF45 U2OS treated with CSA, exhibiting 30% cell 

survival with 0.5µM CSA compared to 60% cell survival in CTRL U2OS (Figure 4.2.3B). 

Future work would be to increase the concentration range of CSA used in this 

experiment, to obtain a greater sensitivity result. 
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Figure 4.2.3 Sensitivity of NF45 overexpression cells to CSA treatment.  (A) Control (CTRL) 
U2OS cells and NF45 overexpression (+NF45) U2OS cells were seeded at the same density per 
well and treated with indicated doses of CSA. UNT is untreated cells. After 7 days of treatment, 
cells were fixed with methanol and stained with methylene blue. (B) Clonogenic survival of 
+NF45 U2OS following treatment with indicated concentrations of CSA. Stable NF45 
overexpression U2OS cells were treated on the day of clonogenic plating and colony formation 
was determined after 14 days. CTRL U2OS cells have WT levels of NF45. Error bars are the 
mean SD of biological triplicates. Statistical differences: *, P < 0.05; ns, not significant (two-way 
ANOVA). 
 

4.2.4 Exploring the relationship between NF45 and CyPA 

I have shown that NF45 and CyPA interact, with CSA treatment abolishing this 

interaction (Figure 4.2.1). In addition to this, NF45 overexpression cells are slightly, 

though not statistically significantly, sensitive to CSA treatment (Figure 4.2.3). Both 

CyPA and NF45 overexpression are correlated with poor prognosis in MM patients. In 
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previous chapters I have shown that CyPA is also implicated in DNA repair, however, 

the mechanism of this is unknown. A role of CyPA in DNA repair could be through its 

interaction with NF45. MM patients with 1q21AMP, and by extension NF45 

overexpression, correlate with 70% of relapsed and drug resistant patients. Exploring 

the relationship between CyPA and NF45 is important to further the understanding of 

how 1q21AMP contributes to MM pathobiology. This may inform the use of CyPAi as a 

therapeutic to improve the outcomes of 1q21AMP MM patients experiencing poor 

prognosis and therapy resistance. 

4.2.4.1 CSA treatment induces DNA damage in NF45 overexpression cells. 

Previous data from the lab indicates that CyPAi induces genome instability resulting in 

increased chromosomal breaks and fusions. I sought to determine whether CSA 

induces an elevated DNA damage response in NF45 overexpression cells. This could 

provide insight into the sensitivity of +NF45 U2OS to CSA. 

To test this, I treated CTRL and +NF45 U2OS cells with varying CSA 

concentrations for 48 hours and harvested the cells for protein extracts and western 

blot analysis. I used the phosphorylation of histone H2AX (γH2AX) and phosphorylation 

of ATM-dependant KRAB-associated protein-1 (KAP1) as a markers of DNA breakage 

(Sharma et al., 2012; White et al., 2012b). DNA breaks induce the phosphorylation of 

histone H2AX at S139, by members of the PI-3 kinase family, as part of the early DDR. 

Specifically, ATM and DNA-PK phosphorylate H2AX in response to DNA-DSBs and ATR 

phosphorylates H2AX in response to DNA-SSBs and replication stress. Phosphorylation 

of KAP1 on Ser824 is mediated solely by ATM, where it is involved with the local 

decondensation of chromatin, allowing the access of DNA repair proteins (White et al., 

2012a). 

Western blotting in Figure 4.2.4 demonstrates increased γH2AX levels in +NF45 

U2OS cells with 2.5, 5 and 10 µM CSA. Conversely, CTRL U2OS cells exhibit background 

levels of γH2AX levels in response to CSA treatment under these conditions. There 

appears to be no induction of pKAP1 in either U2OS cell line treated with CSA (Figure 

4.2.4). As the phosphorylation of KAP1 is ATM dependant, and there is no pKAP1 
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present under these conditions, it is most likely that the damage produced is 

predominately ssDNA and not DSBs. 

 
Figure 4.2.4 DNA damage in NF45 overexpression cells following CSA treatment.  CTRL U2OS 
or +NF45 U2OS cells were treated with indicated doses of CSA for 48 hours. Western blot 
analysis of phosphorylated H2AX (γH2AX) is and phosphorylated Ser824 KAP1 shown. Positive 
control (+ve) is CTRL U2OS cells following 10Gy γ−IR for 30 mins. α-tubulin and native KAP1 is 
used as the loading control. γH2AX western blot was reprobed with H2A as a control. 
 

4.2.4.2 NF45 overexpression cells are sensitive to CyPA knockdown 

Inhibiting CyPA through CSA treatment induces slight but not statistically significant 

sensitivity to +NF45 overexpression cells. I sought to determine whether reducing the 

levels of CyPA through RNAi also causes sensitivity, to ascertain whether CyPAi could 

yield a different outcome to reduced CyPA expression This is with aim to gather 

possible mechanistic insight into this interaction. For example, inhibiting PARP1 

through Olaparib is synthetically lethal with BRCA-deficient cells, but depleting PARP1 

levels is not (Helleday, 2011). 

Figure 4.2.5A shows successful knockdown of CyPA following siRNA 

transfection. Figure 4.2.5B shows that +NF45 U2OS exhibit moderate increased 

sensitivity to CyPA KD with 55% cell survival compared to 85% survival in CTRL U2OS.  

This sensitivity is statistically significant (P < 0.05). This shows that depleting levels of 

CyPA through RNAi induces sensitivity in NF45 overexpression cells, similar to using an 

inhibitor against CyPA. 
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Figure 4.2.5 Clonogenic survival of NF45 overexpression cells following CyPA siRNA.  Stable 
NF45 overexpression U2OS cells were plated for clonogenic survival 72 hours after transfection 
with siRNA targeting CyPA. (A) Western blot analysis showing the decrease in protein 
expression of CyPA. β-tubulin is used as the loading control. (B) Clonogenic survival of cells 
(CTRL or +NF45 U2OS) transfected with CyPA siRNA compared to cells treated with transfection 
reagent alone.  Error bars are the mean ± SD of biological triplicates. Statistical differences: *, P 
< 0.05 (two-tailed T-test). 

 

4.2.4.3 NF45 overexpression kills CyPA CRISPR/Cas9 KO cells  

I have shown that cells overexpressing NF45 are sensitive to killing by CyPA inhibition 

and to CyPA knockdown. I sought to determine whether this is a reciprocal 

relationship, whereby CyPA knockout cells are sensitive to NF45 overexpression. To 

test this, I utilised the CyPA CRISPR/Cas9 U2OS cell line panel established in the lab. 

This panel includes: a control cell line (SCRAM), a CyPA knockout line (PPIA KO), the 

PPIA KO line with isomerase dead CyPA added (KO+R55A) and the PPIA KO line 

reconstituted with WT tagged CyPA (KO+WT). The panel was transfected with MYC-

FLAG tag NF45 (+NF45) or vector containing the tags only (+CTRL) for 72 hours and 

plated for clonogenic survival. Colony counts for the +NF45 cells were compared to the 

+CTRL transfected cells. 

Figure 4.2.6A shows successful overexpression of NF45 in the CyPA CRISPR 

panel following transfection. Figure 4.2.6B shows that PPIA KO is moderately sensitive 

to NF45 overexpression compared to SCRAM, with 55% survival compared to 88%. This 

sensitivity is statistically significant (P < 0.05). There is similar sensitivity in PPIA KO 

following NF45 overexpression compared to +NF45 cells transfected with siRNA 

against CyPA (55% survival). This shows that depleting CyPA in the context of NF45 
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overexpression induces cell toxicity, independent of whether NF45 is overexpressed 

before or after CyPA depletion. 

 
Figure 4.2.6 NF45 overexpression in PPIA CRISPR panel.  PPIA CRISPR panel U2OS cells were 
transfected with MYC-FLAG tag NF45 (+NF45) or empty vector (+CTRL) for 72 hours and plated 
for clonogenic survival. (A) Western blot analysis probing for native NF45 in the cells 
transfected. Endogenous and tagged NF45 is indicated. Lamin B is used as the loading control. 
(B) Clonogenic survival of cells following overexpression of NF45. Survival of cells is compared 
to +CTRL which is set at 100%. Error bars are the mean ± SD of biological triplicates. Statistical 
differences: *, P < 0.05; ns, not significant (two-tailed T-test). 
 

KO+ R55A cells also exhibit around 50% survival following NF45 overexpression. 

This shows that the isomerase activity of CyPA is required for NF45 overexpression cell 

survival, in addition to the presence of CyPA in cells. Consistent with this observation, 

PPIA KO cells reconstituted with WT CyPA (KO+WT) exhibit similar sensitivity to NF45 

overexpression as the control (SCRAM) line. This confirms that this killing effect is 

dependent on whether CyPA is functional and present in the cell. 
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4.2.5 Melphalan sensitivity 

Melphalan is a DNA crosslinker which is used in the MM treatment regime (Avigan and 

Rosenblatt, 2014; Kumar, 2010). Marchesini et al. reported that an increase in NF45 

overexpression, correlated with melphalan resistance in patients. I treated +NF45 

U2OS cells with melphalan, to test if +NF45 overexpression correlates with melphalan 

resistance in this model cell line. Interestingly, +NF45 U2OS exhibit no differential 

sensitivity to melphalan treatment compared to CTRL U2OS (Figure 4.2.9B). This is not 

the result expected, given the MM cancer cell work by Marchesini et al. This data 

implies that NF45 overexpression does not directly cause resistance to melphalan 

alone in a cell autonomous fashion, suggesting perhaps other proteins involved in MM 

pathogenesis contribute to this. The NF45 overexpression model created has a U2OS 

(osteosarcoma) origin which is different to and could therefore exhibit a different 

cellular response to NF45 overexpression in plasma cells (MM cell origin). A more ideal 

experiment would be to create an NF45 overexpression line in a MM patient derived 

cell line not containing 1q21AMP and study drug responses to better reflect the clinical 

condition.  

 
Figure 4.2.7 Clonogenic survival of NF45 overexpression cells following treatment with 
Melphalan.  Stable NF45 overexpression U2OS cells were treated with indicated doses of 
melphalan on the day of clonogenic plating and colony formation was determined after 14 
days. CTRL U2OS cells have WT levels of NF45. Error bars are the mean ± SD of biological 
triplicates. Statistical differences: *, P < 0.05; ns, not significant (two-way ANOVA). 
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4.2.6 NF45 overexpression line microarray RNA expression 

The model by Marchesini et al. describes the role of NF45 in therapy resistance 

through the increased mRNA splicing of proteins involved in the DDR in MM cells 

(Figure 4.1.4). I sought to determine whether NF45 overexpression in isogenic U2OS 

cells also affects the mRNA expression levels of DDR proteins, to determine if this is a 

cell autonomous impact.  

 Figure 4.2.8 presents a volcano plot of the significantly different RNA 

expression levels in +NF45 U2OS compared to CTRL U2OS with the top 8 under and 

overexpressed shown. Interestingly, results from microarray analysis show that there 

are no significant changes in the RNA levels of DDR proteins in +NF45 U2OS. This 

conflicts with the model by Marchesini et al. and it is likely that NF45 expression 

changes alters mRNA levels of DDR proteins in MM cells only (B-cell blasts) and is not a 

cell autonomous effect. Therefore, the NF45 and DDR mRNA model by Marchesini et 

al. does not have universal application outside of MM. This is important considering 

that 1q21AMP and NF45 overexpression is present in other cancers with different 

cellular origin such as BC.  

 

4.2.7 The response of NF45 overexpression cells to DNA damage and PARP 

inhibition 

Marchesini et al. showed that NF45-overexpressing MM cells had an increase in HR 

efficiency, whilst depleting NF45 levels significantly reduced HR efficiency in these cells 

(Marchesini et al., 2017). The 1q21AMP is enriched in therapy resistant and recurrent 

cancers. Therefore, an increase in DNA repair through NF45 overexpression could be a 

mechanism for resistance to DNA damaging treatments (Salehan and Morse, 2013). I 

sought to investigate whether the NF45 overexpression is involved in resistance to 

DNA damage and PARP inhibition, to provide an indication of whether NF45 is involved 

in DNA repair efficacy.  
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Figure 4.2.8 Microarray RNA expression data of +NF45 U2OS compared to CTRL U2OS. RNA 
was isolated from both +NF45 and CTRL U2OS cell lines (n=3) and sent to eurofins for Clariom™ 
S Pico Assay microarray analysis. (A) Volcano plot of p-value over RNA expression fold change 
in +NF45 U2OS compared to control U2OS. Circles indicate individual RNAs. Significant fold 
changes in downregulated and upregulated RNAs are coloured green and red respectively. (B) 
Highest 8-fold changes for downregulated (green) and upregulated (red) gene expressions in 
+NF45 U2OS is shown. P-value significance: <0.05. 
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 Strikingly, NF45 overexpression cells are highly resistant to killing with IR 

(Figure 4.2.9A), exhibiting over a log scale percentage resistance to doses used, 

compared to the control cells. Shamanna et al. showed that cells with depleted NF45 

are sensitive to IR (Shamanna et al., 2011). Taken together, this indicates that NF45 

expression levels inform cell sensitivity to IR. Although there could be many possible 

reasons for the resistance to IR in +NF45 U2OS, increased efficacy of DSB repair is one 

potential explanation.  

 
Figure 4.2.9 Clonogenic survival of NF45 overexpression cells following single treatment with 
Ionising Irradiation and Olaparib Stable NF45 overexpression U2OS cells were treated on the 
day of clonogenic plating and colony formation was determined after 14 days. CTRL U2OS cells 
have WT levels of NF45. Cells were treated with the indicated doses of: (A) Ionizing Irradiation 
(B) Olaparib. Error bars are the mean ± SD of biological triplicates. Statistical differences: *, P < 
0.05 (two-way ANOVA). 
 

 Olaparib is a potent inhibitor of poly-ADP-ribose polymerase (PARP) (Curtin and 

Szabo, 2013). The role of PARP1 is important in repairing single strand breaks (SSBs) 

and with its inhibition, PARP1 remains trapped on the DNA and unrepaired SSBs 

accumulate (De Vos et al., 2012; Satoh and Lindahl, 1992). During DNA replication, the 

replication fork stalls when encountering PARP at unrepaired SSBs which leads to the 

formation of DNA double stand breaks (DSBs) (Annunziata and O'Shaughnessy, 2010). 

These DSBs are ordinarily repaired by HR and in BRCA1-deficient cells, 53BP1 mediates 

a block to resection, which prevents HR and promotes repair by NHEJ. In the presence 

of many PARPi-induced DSBs, repair by NHEJ can be highly error-prone and lead to 
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toxic chromosomal rearrangements (Helleday, 2011; Lord and Ashworth, 2017). Hence, 

inhibiting PARP1 is synthetically lethal with a HR defect. I sought to test the sensitivity 

of NF45 overexpression cells to Olaparib, to determine whether NF45 has a role in HR. 

Strikingly, NF45 overexpression cells are also highly resistant to killing with Olaparib 

(Figure 4.2.9B), exhibiting over a log scale percentage resistance to doses used, 

compared to the control cells. Cells with functioning HR are not sensitive to low doses 

of PARP inhibition, but high concentrations induce genome instability which is 

unrepairable, even with normal HR levels (Ito et al., 2016). This explains why death is 

induced in control cells with functioning HR (Figure 4.2.9B). The model by Marchesini 

et al., states that overexpression of NF45 increases the total levels of HR, which is 

consistent with this result.  

The 1q21AMP is present in >70% of recurrent BC tumours, and is strongly 

associated with disease progression, poor prognosis and tumour resistance to 

chemotherapy (Goh et al., 2017). IR is an established treatment for BC and PARPi is 

being explored in the clinic for treatment of BRCA1/2 defective BCs (Lyons and Robson, 

2018; Ronckers et al., 2005) PARPi resistance can occur through a multitude of 

mechanisms, which will be discussed further in the discussion section of this chapter. 

Therefore, the resistance of NF45 overexpression cells to IR and PARPi is highly 

relevant in the context of BCs with the 1q21AMP and therapy resistance.  

4.2.8 Apoptosis inhibition 

A common feature of cancer cells is the upregulation of pro-survival/anti-apoptotic 

proteins to promote growth, survival and evasion of apoptosis (Adams and Cory, 

2007). MM cells exhibit an overexpression of pro-survival factors (Fernald and 

Kurokawa, 2013). Interestingly, inhibiting NF45-NF90 causes an increase in apoptosis, 

and sensitises cells to the topoisomerase inhibitor, camptothecin (Guan et al., 2008; 

Shamanna et al., 2013). It could be postulated that NF45 overexpression in cancers 

could be a mechanism of avoiding apoptosis in response to DNA damage.  

 BCL-2 family proteins promote pro-survival/anti-apoptosis and contain the Bcl-

2 homology domain-3 (BH3) (Kelly and Strasser, 2011). Obatoclax (GX15-070) is a BH3 

domain mimetic and an inhibitor of BCL-2 family proteins (Konopleva et al., 2008). 
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Obatoclax selectively kills cancer cells dependant on pro-survival BH3 factors to grow 

and survive (Konopleva et al., 2008; Shore and Viallet, 2005). Obatoclax has been 

tested as a novel cancer therapeutic agent in phase I clinical trials for patients with 

haematological malignancies (chronic lymphocytic leukemia, refractory leukaemia and 

myelodysplasia) and was well tolerated, showing promising results as a mono-therapy 

(O'Brien et al., 2009; Schimmer et al., 2008). However, in more recent phase II studies 

in patients with relapsed or refractory classical Hodgkin lymphoma and relapsed small-

cell lung carcinoma (SCLC), obatoclax displayed limited clinical activity and did not 

increase efficacy of topotecan as a co-therapy (Paik et al., 2011). Harazono et al. 

suggests that failure of anti-BCL clinical trials is due to the complexity of pro-survival 

pathways associated with cancer progression and that cellular levels of other anti-

apoptotic proteins, namely Galectin-3, must be accounted for (Harazono et al., 2014). 

 I sought to determine whether NF45 overexpression cells are sensitive to 

Obatoclax treatment with aim to find a therapeutic target in cancers with NF45 

overexpression. Clonogenic survival indicates that +NF45 U2OS are highly sensitive to 

killing with Obatoclax treatment (Figure 4.2.10). This could indicate that NF45 

overexpression cells have a dependency on anti-apoptotic proteins to avoid apoptosis.  

 
Figure 4.2.10 Clonogenic survival of NF45 overexpression cells following with Obatoclax.  
Stable NF45 overexpression U2OS cells were treated with indicated doses of obatoclax on the 
day of clonogenic plating and colony formation was determined after 14 days. CTRL U2OS cells 
have WT levels of NF45. Graph displays the mean of duplicate experiments. 
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4.2.9 Response of NF45 overexpression cells to DNA damage 

I sought to determine the mechanism of IR-resistance in NF45 overexpression cells. 

This could provide more insight into how therapy resistance occurs in cancer patients 

with 1q21AMP and could inform the use of targeted therapeutics. I treated CTRL U2OS 

and +NF45 U2OS with 3Gy IR and harvested cells for protein extracts and western blot 

analysis 2- and 24-hours following IR. Antibodies against various proteins involved in 

apoptosis and the DNA damage response were employed.   

 
Figure 4.2.11 Schematic of 53BP1’s roles in DSB repair and p53-dependent tumour 
suppression.  During DSB repair, 53BP1 promotes NHEJ by inhibiting nucleolytic processing of 
DNA ends. This is accomplished by its interaction with RIF1 and PTIP. 53BP1 counteracts the 
activity of BRCA1 in promoting DNA end resection, which is crucial for HR. 53BP1 also has a 
distinct role in promoting p53’s anti-tumorigenic cellular signals in response to stress signals. 
53BP1, in association with USP28, binds to p53 and primes its binding to DNA promotors. This 
increases the transcription of genes involved in cell-cycle arrest, apoptosis, senescence, DNA 
repair, and metabolic responses. Figure from (Cuella-Martin et al., 2016). 
 

53BP1 has distinct roles in the regulation of p53 and DNA repair (Figure 4.2.11) 

(Cuella-Martin et al., 2016). 53BP1 binds to p53 and promotes its activity in the DNA 

damage response. This interaction stimulates p53-dependant gene transcription 

events in response to IR. 53BP1 is also pivotal in the decision of the cell to repair DSBs 

through HR or NHEJ (Chapman et al., 2012). 53BP1 counteracts the DNA resection 
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activity of BRCA1, MRN, CtIP, which inhibits HR and promotes NHEJ. NF45 is in the 

interactome of 53BP1 and could be due to a functional relationship (Gupta et al., 

2018). 

Figure 4.2.12 shows that 53BP1 protein levels do not change in CTRL U2OS 

following IR under these conditions. 53BP1 protein levels also remain consistent in 

+NF45 U2OS in untreated and 2 hours following IR, however there is a decrease in 

protein levels 24 hours post IR. 53BP1 is a constitutively expressed protein that is 

normally abundant across the nuclei of the cell (Hu et al., 2014; Mayca Pozo et al., 

2017). In response to DNA damage, 53BP1 localise to DSBs forming distinct foci. 

Therefore, the number of 53BP1 foci is a better measure of its activity than total 

protein expression. This will be assessed further in section 4.2.11. Irrespective of this, 

it is unusual that 53BP1 levels are reduced 24 hours following IR in +NF45 cells but not 

CTRL U2OS. However, this experiment was conducted only once and would need to be 

repeated for a reliable result. The result may be due to experimental error, such as 

western blotting gel transfer issues. The relationship between NF45 overexpression 

and 53BP1 levels following IR cannot be explained without further experiments.  

There is an increase in p53 protein levels in both CTRL and +NF45 cells 2 hours 

following IR (Figure 4.2.12). This is expected, given the key role of p53 in maintaining 

genome stability in the cellular response to DNA damage (Williams and Schumacher, 

2016). After 24 hours, the p53 signal is reduced to similar levels as the untreated in 

both CTRL and +NF45 cells. It is likely that the DNA damage has been repaired at this 

time and p53 function in the DNA damage response is not required.  

Untreated +NF45 U2OS cells exhibit increased endogenous protein levels of 

p21 compared to CTRL U2OS (Figure 4.2.12). This is consistent with the observation by 

Shi et al. that NF45-NF90 binds to p21 mRNA, stabilising it and promoting its 

expression (Shi et al., 2005). Interestingly, p21 protein levels significantly increase 

following DNA damage in +NF45 but not CTRL U2OS cells. In addition to p21’s role as 

an anti-apoptotic factor, Sohn et al. has shown p21 to have a specific role in blocking 

irradiation induced apoptosis (Sohn et al., 2006). Therefore, it can be postulated that 

in response to IR, NF45 could increase the stabilisation and translation of p21 mRNA to 
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activate its anti-apoptotic roles. This could be possible explanation for the resistance 

to IR seen in NF45 overexpression cells. p21 is activated by p53 in response to DNA 

damage, however, the p21 protein levels do not correlate with p53 under these 

conditions. This could be an experimental timing issue or due to p21 activation 

independent of p53 in +NF45 U2OS. 

 
Figure 4.2.12 Levels of DNA damage response and anti-apoptotic proteins in +NF45 cells 
following DNA damage.  CTRL U2OS or +NF45 U2OS cells were treated with 3Gy IR and left for 
2 or 24 hours before being harvested for protein extracts and western blot analysis. UNT is 
untreated cell extracts. Antibodies used against proteins of interest are indicated on respective 
westerns. MCM2 and β-tubulin are used as loading controls. 

 
I have shown that +NF45 cells are sensitive to the Bcl-2 homology domain-3 

(BH3) mimetic, obatoclax (Figure 4.2.9E). Obatoclax inhibits pro-survival/anti-apoptosis 

members of the BCL-2 family (Konopleva et al., 2008). Obatoclax selectively kills cancer 

cells dependant on and overexpressing BCL-2 proteins to evade apoptosis (Hata et al., 

2015; Konopleva et al., 2008). It is possible that +NF45 U2OS have an increased 

expression of BCL-2 family proteins which would explain the sensitivity to obatoclax 

and resistance to killing with IR. Strikingly, +NF45 U2OS exhibit significantly reduced 
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protein levels of the anti-apoptotic BH3 domain protein BCL-2, compared to CTRL 

U2OS (Figure 4.2.12). The levels of BCL-2 do not change following treatment with IR in 

either CTRL or +NF45 U2OS. The anti-apoptotic proteins MCL-1 and BCL-XL levels 

appear the same in both cell lines, with no changes following IR treatment. The lower 

levels of BCL-2 in +NF45 could explain sensitivity to obatoclax, which will be discussed 

in the discussion section of this chapter. 

4.2.10  Nucleus is enlarged in NF45 overexpression cells 

An incidental observation from counting foci and culturing cells is the enlarged nuclear 

size of +NF45 U2OS cells compared to CTRL U2OS. To determine whether this 

observation is significant, I quantified the nucleus sizes in these cells. ImageJ was used 

to quantify the area of nuclei stained with DAPI.  

Figure 4.2.13 shows that +NF45 U2OS cells have significantly larger nuclei 

compared to CTRL U2OS (n=100). Untreated and exponentially growing U2OS cell 

nuclei are quantified to be 16 ± 2 μm in width and 23 ± 3 μm in length (Koch et al., 

2014). Consistent with this, CTRL U2OS cells have an average area of ~250µm2 which 

gives an average diameter of 18µm. Conversely, the average area of +NF45 U2OS cells 

is ~400µm2. On average, +NF45 U2OS nuclei are 160% the size of CTRL U2OS nuclei. 

This phenotype is highly statistically significant (P < 0.001). 

 Many factors can affect the size of the nucleus (Webster et al., 2009a). One 

idea is the Nucleoskeletal theory whereby the content of DNA directly influences the 

size of the nucleus, and by extension the size of the cell (Cavalier-Smith, 2005; Gregory, 

2005). Species with larger genomes generally contain larger cell nuclei and tetraploid 

mouse embryos have nuclei twice as large as diploid control (Gregory, 2005; Henery 

and Kaufman, 1992; Jovtchev et al., 2006). Guan et al. showed that depleting NF45-

NF90 inhibits DNA synthesis (Guan et al., 2008). Therefore, overexpressing NF45 could 

exhibit the reverse of this and increase DNA synthesis, which would explain the 

enlarged nuclei, although how it could do this is unclear. If this was the case, it would 

be expected that the nuclei of these cells would increase in size after each cell cycle.  
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Figure 4.2.13 NF45 overexpression cells exhibit enlarged nuclei.  (A) Immunofluorescence (IF) 
images of CTRL U2OS and NF45 overexpression U2OS nuclei. Nuclei is stained with DAPI. Scale 
bar is 20µm. (B) Box plot of the areas of nuclei from IF images of the cells in (A). Areas of 100 
cells for each cell line was measured. Circles indicate individual cell nuclei areas on the plot. 
The boxplot has lines at the lower quartile, median and upper quartile values. Upper and lower 
whiskers represent maximum and minimum values, excluding outliers. Statistical differences: 
***, P < 0.001 (two-tailed T-test). 
 

 However, cells remain consistently the same size over the culture period. This 

mechanism can only be speculated and would need further characterisation to 

determine how NF45 overexpression increases cell nucleus size. Further work would 

be to obtain a propidium iodide (PI) profile +NF45 U2OS by Fluorescence-activated cell 

sorting (FACS), to accurately quantify the DNA content of the cells. Karyotype analysis 

of this cell line can also be conducted to obtain accurate chromosome number and an 

appreciation of their sizes in comparison to the CTRL U2OS.  
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 Larger nuclei could indicate an accumulation of cells in S phase/G2 phase of the 

cell cycle. FACS data suggests this is not the case, as propidium iodide (PI) staining of 

asynchronously cycling CTRL U2OS and +NF45 U2OS showed no accumulation of cells 

in S phase/G2 phase (data not shown). Interestingly, PI staining of these cell lines 

reveals that CTRL U2OS G2 phase cells have a similar DNA content to +NF45 U2OS G1 

phase cells (data not shown). This indicates that +NF45 U2OS have an increase in 

ploidy, around double to the CTRL U2OS.  

4.2.11  53BP1 and NF45 overexpression 

53BP1 is an early participant in the cellular response to DNA damage (Schultz et al., 

2000). 53BP1 localise to sites of DNA DSBs, forming distinct foci which can be 

visualised with IF (Schultz et al., 2000). I have shown through western blotting that 

total protein levels of 53BP1 do not change 2 hours following IR in either CTRL or 

+NF45 U2OS (Figure 4.2.12). However, this does not provide information on the 

localisation of 53BP1 to DNA damage sites. I sought to quantify the 53BP1 foci in 

response to DSB formation in +NF45 cells as it is a better marker of its activity than 

protein levels.  

Figure 4.2.14 shows that CTRL and +NF45 U2OS exhibit significantly more 

53BP1 foci, 2 hours after IR than in the untreated cells. This is expected, given its role 

in the DNA damage response. 24 hours after IR treatment, the levels of 53BP1 foci in 

both cell lines are reduced to levels similar to the respective untreated controls, 

implying that damage has been repaired at this time.  

Interestingly, +NF45 U2OS exhibit significantly higher levels of 53BP1 foci in all 

the conditions tested compared to CTRL U2OS. It is possible that NF45 cells have 

dependency on increased 53BP1 under normal conditions to repair exogenous DNA 

damage. To test this, I transfected CTRL and +NF45 U2OS with siRNA targeting 53BP1, 

before plating cells for clonogenic survival.  Figure 4.2.15A shows successful 

knockdown of 53BP1 following siRNA transfection in both cell lines. Figure 4.2.15B 

shows that +NF45 U2OS do not exhibit sensitivity to 53BP1 knockdown compared to 

CTRL U2OS. This suggests that under normal conditions, 53BP1 is not essential for cell 

survival in either cell line.  
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Figure 4.2.14 53BP1 foci in response to IR in NF45 overexpression cells.  (A) Representative 
immunofluorescence (IF) images of CTRL U2OS and NF45 overexpression cells irradiated with 
3Gy. Cells were left for 2 or 24 hours before being fixed for IF. UNT is untreated cells. Nuclei 
stained with DAPI, 53BP1 in green. Scale bar is 10µm. (B) Quantification of experiment from (A) 
shows number of 53BP1 foci per nucleus during indicated treatment conditions (n ≥ 100). 
Circles indicate individual cell foci counts. The boxplot has lines at the lower quartile, median 
and upper quartile values. Upper and lower whiskers represent maximum and minimum 
values, excluding outliers. Statistical analysis conducted on the same testing conditions 
between the two different cell lines (e.g. UNT vs. UNT): **, P < 0.01; ***, P < 0.001 (two-tailed 
T-test).                                                                                                                                                                                                                                                             
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Figure 4.2.15 Clonogenic survival of NF45 overexpression cells following 53BP1 knockdown. 
Stable NF45 overexpression U2OS cells were plated for clonogenic survival 72 hours after 
transfection with siRNA targeting 53BP1. (A) Western blot analysis showing the decrease in 
protein expression of 53BP1. MCM2 is used as the loading control. (B) Clonogenic survival of 
cells (CTRL or +NF45 U2OS) transfected with 53BP1 siRNA compared to cells treated with 
transfection reagent alone.  Error bars are the mean SD of biological triplicates. Statistical 
differences: ns, not significant (two-tailed T-test). 
 

 A possible explanation for the increase in 53BP1 foci in untreated +NF45 

compared to CTRL U2OS is nucleus size. +NF45 U2OS exhibit nuclei that are around 1.6 

times the size of CTRL U2OS nuclei (Figure 4.2.13). Untreated CTRL U2OS contain 

around 9 53BP1 foci per cell, in comparison to 15 foci per cell in +NF45 U2OS. The 

average foci count per cell, correlates with the size difference in CTRL and +NF45 U2OS 

nuclei. Therefore, it is likely that there is more 53BP1 foci in UNT +NF45 U2OS due to 

an increase in DNA content and likeliness of more endogenous damage than NF45. 

However, this does not explain the significant increase in 53BP1 foci in +NF45 U2OS 

cells 2 hours after IR. These cells contain 50 foci per cell compared to 19 foci per cell in 

the CTRL U2OS cells at this time point. If these counts were to correlate with nuclei 

size, it would be expected that +NF45 U2OS exhibit around 30 foci per cell under these 

conditions. Therefore, NF45 could be influencing the formation of 53BP1 foci under 

DNA damage but not untreated conditions. Additionally, it could be showing an over-

reliance upon 53BP1-dependant NHEJ or imbalance between normal NHEJ and HR. 

Chromatin status is implicated in DNA DSB repair kinetics, whereby the accessibility of 

DNA repair machinery is hindered when DNA is in a tightly packaged conformation 

(heterochromatin) compared to a more open conformation (euchromatin)  (Shi and 
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Oberdoerffer, 2012). It is possible that +NF45 U2OS has a difference in chromatin state 

compared to CTRL U2OS which could provide an explanation for increased 53BP1 foci. 

However, this can only be speculated and it is unclear whether the NF45 

overexpression could affect chromatin structure and whether this would reflect a 

difference in 53BP1 foci counts. 
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4.3 Summary  

In this chapter I have described experimental evidence to show that: 

• NF45 interacts with CyPA by co-IP and directly using recombinant proteins 

• CSA disrupts the interaction between CyPA and NF45 

• CSA does not disrupt the interaction between NF45 and NF90 

• NF45 overexpression cells are not hyper-sensitive to CSA treatment 

• CSA induces increased γH2AX in NF45 overexpression U2OS 

• NF45 overexpression U2OS are moderately sensitive to CyPA knockdown 

• NF45 overexpression selectively kills CyPA KO cells  

• NF45 overexpression in U2OS cells does not alter mRNA levels of DNA damage 

response proteins. 

• NF45 overexpression U2OS are: 

o not sensitive melphalan treatment 

o highly resistant to ionising radiation 

o highly resistant to olaparib treatment 

o highly sensitive to obatoclax treatment 

• Protein levels of p21 are increased in NF45 overexpression U2OS. DNA damage 

causes a significant increase in p21 expression in these cells. 

• Protein levels of BCL-2 are spontaneously decreased in NF45 overexpression 

U2OS. 

• NF45 overexpression causes an enlarged nuclei phenotype 

• NF45 overexpression cells have significantly increased levels of 53BP1 foci 2 

hours following IR 

• Silencing 53BP1 does not selectively kill untreated NF45 overexpression U2OS 
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4.4 Discussion 

CyPA binds to NF45 under normal cellular conditions and inhibiting CyPA through CSA, 

ablates this interaction (Figure 4.2.1). CSA also induces DNA damage, demonstrated by 

increased γH2AX, in NF45 overexpression cells but not in control cells (Figure 4.2.4). 

This damage could lead to cytotoxicity which would explain the slight sensitivity of 

NF45 overexpression cells to CyPAi (Figure 4.2.3) and moderate sensitivity to CyPA KD 

(Figure 4.2.5). The DNA damage in NF45 overexpression cells treated with CSA could 

be due to various reasons. The damage could be accumulated due to a failure to repair 

endogenous damage or because more damage is induced. CyPA KO cells are sensitive 

to NF45 overexpression, and reconstituting these cells with WT CyPA reverses this 

effect, but isomerase-dead CyPA does not (Figure 4.2.6). It could be speculated that 

CyPA binding and isomerase function is required for normal functioning of NF45. NF45 

overexpression cells could acquire a dependency on DNA repair through NF45 

mediated repair pathways. Hence, disrupting the functioning of NF45 through CyPAi 

could explain the increase in DNA damage. CyPA inhibition does not disrupt the 

interaction between NF45 and its binding partner, NF90 (Figure 4.2.1). It is therefore 

likely that CyPA binds to NF45 outside of the DZF domain which is used to bind to 

NF90. Further work would be to map the minimum interaction region between CyPA 

and NF45 to determine the target proline(s) for isomerisation. 

 I have shown in previous chapters that some MM cell lines are sensitive to CSA 

treatment and CyPA is implicated in DNA repair. Both CyPA and NF45 overexpression 

correlate with poor prognosis in MM patients. The sensitivity of MM to CSA could be 

through the disruption of the CyPA and NF45 interaction. Targeting NF45 effectors in 

1q21AMP MM patients is being explored (Marchesini et al., 2017). Further research into 

the CyPA-NF45 relationship in this context is important as CyPA can be inhibited with 

CSA and non-immunosuppressive CSA analogues. This may inform the use of CyPAi as a 

therapeutic to improve the outcomes of 1q21AMP MM patients experiencing poor 

prognosis and therapy resistance. 

 NF45 overexpression cells exhibit a striking resistance to DNA damage through 

irradiation (Figure 4.2.9A). This is relevant in the context of BC patients with the 
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1q21AMP receiving IR treatment and developing therapy resistance. The resistance to IR 

could be through many mechanisms (Figure 4.4.1). NF45 upregulates expression levels 

of p21 by binding to and stabilising p21 mRNA (Shi et al., 2005). In +NF45 U2OS, p21 

protein levels are increased compared to the CTRL in endogenous cells (Figure 4.2.12). 

Following IR, p21 levels increase significantly in +NF45 but not CTRL U2OS. p21 has key 

roles in inhibiting apoptosis (Gartel and Tyner, 2002; Sohn et al., 2006). It could be 

speculated that in response to DNA damage, NF45 stabilises p21 mRNA to increase its 

expression and inhibit apoptosis. This allows the cells more time to repair the DNA 

damage, promoting survival of the cancer cell. To test this theory, further experiments 

would be to silence p21 to see if it impacts upon IR sensitivity in these cells. 

 Another mechanism of IR resistance in NF45 overexpression cells could be 

through the upregulation of DNA repair pathways. This could increase the efficacy of 

repairing DNA damage and promote cell survival in response to DNA damaging agents. 

Marchesini et al. has shown that NF45 overexpression increases HR efficiency, and 

depleting NF45 levels reduces HR in MM cells. The proposed mechanism of this is 

through NF45 increasing the splicing of HR genes through its interaction with RNA 

binding proteins and mRNA (Marchesini et al., 2017). However, I have shown through 

microarray analysis on +NF45 U2OS that RNA levels of DNA repair proteins remain 

largely unaltered (Figure 4.2.8). Therefore, this is likely to be an effect of NF45 

overexpression in MM cells specifically and not a cell autonomous effect (Marchesini 

et al., 2017).  Shamanna et al. has shown that NF45 is involved in the repair of DSBs 

through DNA-PK and NHEJ. The exact mechanism is unknown, but it is thought that 

NF45 directly binds to DNA-PK, promoting its binding to DNA to repair breaks and 

increase NHEJ efficiency (Shamanna et al., 2011). I have shown +NF45 U2OS to have 

significantly increased levels of 53BP1 foci 2 hours following IR compared to U2OS cells 

(Figure 4.2.14). Noordermeer et al. has shown that 53BP1 promotes resistance to IR 

(Noordermeer et al., 2018). Given that NF45 is in the 53BP1 interactome, it is possible 

that it is involved in 53BP1 recruitment to the IR induced DSB as another mechanism of 

IR resistance (Gupta et al., 2018).  
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Figure 4.4.1 Schematic model of NF45 and CyPA roles in driving tumorigenesis in cancers with 
1q21 amplifications.  CyPA interacts directly with NF45 and CSA treatment disrupts this 
interaction, leading to an increase in DNA damage and cell death. NF45 is implicated in 
resistance to DNA damaging agents possibly by increasing efficiency of DNA repair. This could 
be through increasing NHEJ efficiency through its interaction with DNA-PK. NF45 
overexpression cells exhibit an increase in HR efficiency. NF45 is present in the interactomes of 
53BP1, BRCA1 and MDC1. These are key players involved in the co-ordination of DNA end 
resection to favour either HR or NHEJ. NF45 could be involved in favouring HR over NHEJ to 
repair DNA breaks in an error-free repair pathway. NF45 could also inhibit apoptosis in 
response to DNA damage to drive uncontrolled cell growth. NF45 binds to and stabilises p21 
mRNA, inducing more expression of the anti-apoptotic protein. Obatoclax treatment selectively 
kills cells overexpressing NF45 possibly by overcoming the anti-apoptotic effects of p21. 
  

NF45 overexpression cells are highly resistant to killing with the PARPi, Olaparib 

(Figure 4.2.9B). During DNA replication, the replication fork stalls when encountering 

trapped PARP1/PARPi lesions at SSBs which leads to the formation of DSBs (Annunziata 

and O'Shaughnessy, 2010). In cells with HR defects such as BRCA1/2 defects, the DSBs 

are repaired by alternative error-prone repair pathways, resulting in chromosome 

deletions, translocations, and cell toxicity. This vulnerability is exploited by treating HR-
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deficient tumours with PARPi and is a classic example of synthetic lethality. There are 

many possible explanations for resistance to Olaparib. 

Although PARPi exhibit clinical success in the treatment of BRCA1/2-mutated 

BCs, resistance does occur. A common mechanism is through the restoration of HR, 

such as the reactivation of BRCA1/2 function as a result of secondary genetic 

alterations (Gogola et al., 2019). However, this mechanism is not feasible in the 

context of +NF45 U2OS PARPi resistance, as U2OS cells normally contain functional 

BRCA1/2 (Anantha et al., 2017). Another mechanism of PARPi resistance is through the 

inactivation of the 53BP1 pathway (Gogola et al., 2019). In BRCA1/2-deficient cells, 

functional 53BP1 and its downstream effectors such as RIF1 and Shieldin are required 

for sensitivity to PARPi (Gupta et al., 2018). Shieldin is recruited in a 53BP1- and RIF1-

dependent manner to ssDNA overhang ends of DSBs, preventing resection and RAD51 

assimilation. This blocks HR and promotes the error-prone NHEJ pathway which can 

cause genome instability in the presence of high levels of DSBs. In BRCA1/2-deficient 

cells, mutations in Shieldin, loss of 53BP1 or RIF1 function causes resistance to PARPi 

through the loss of resection block and restoration of HR (Gupta et al., 2018; Tomida et 

al., 2018). NF45 interacts with BRCA1, 53BP1 and MDC1 (Gupta et al., 2018). It can be 

postulated that NF45 is involved in the co-ordination of these key players to remove 

the block to resection by 53BP1. Hence, error-prone NHEJ is inhibited and DSBs are 

repaired by solely HR, causing resistance to Olaparib. This theory is also consistent with 

the result by Marchesini et al. showing that NF45 overexpression increases HR 

efficiency (Marchesini et al., 2017). 

 Although NF45 overexpression U2OS are highly resistant to IR and PARPi, I have 

shown that these cells can be selectively killed with Obatoclax (Figure 4.2.9E). 

Obatoclax targets cells with dependency on anti-apoptotic pathways by inhibiting BCL-

2 family proteins. Interestingly, +NF45 U2OS have very low expression levels of the 

BCL-2 protein. It could be postulated that the cells have a dependency on these low 

levels to enable an anti-apoptotic effect and inhibiting this with Obatoclax abolishes 

this. BCL-2 levels are very low in +NF45 U2OS but not absent, which could represent a 

vulnerability to BH3 mimetic toxicity. To test this, further work would be to 
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overexpress BCL2 levels in these cells to determine if this rescues sensitivity to 

obatoclax. Bukholm et al. shows that there is a reciprocal protein expression 

relationship between BCL-2 and p21 (Bukholm et al., 1997). It is possible that BCL-2 

levels are depleted in NF45 overexpression cells because of increased p21 levels. Kim 

et al. have implicated p21 in the suppression of BCL-2 proteins (Kim et al., 2017). BCL-2 

mRNA levels are not noticeably reduced in the microarray RNA expression data of 

+NF45 U2OS. The mechanism of how NF45 overexpression causes a reduction in BCL-2 

levels would need further exploration, however, it is likely to involve p21.  

 IR is included in the treatment regime of BC patients, with PARPi also being 

recently approved for BC treatment, however, therapy resistance is emerging problem 

(Lyons and Robson, 2018; Ronckers et al., 2005). Over 70% of recurrent BC tumours 

are enriched for the chromosomal 1q21 amplification, with this being associated with 

poor prognosis and therapy resistance (Goh et al., 2017). It is possible that the NF45 

overexpression is responsible for therapy resistance here, as demonstrated by IR and 

PARPi resistance in +NF45 U2OS. Therefore, the sensitivity of NF45 overexpression 

cells to obatoclax could inform a possible therapeutic strategy for cancer patients with 

1q21AMP. Future work would be to test if obatoclax can rescue IR resistance and 

olaparib resistance in +NF45 U2OS. This could provide insight into treating BCs 

resistant to PARPi and IR with obatoclax. 
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5 Chapter Five- Neuroblastoma and CyPA inhibition 
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5.1 Introduction 

Neuroblastoma is a malignancy of the sympathetic nervous system, being the most 

commonly diagnosed cancer in children under 1 years old. Around 20% of cases exhibit 

amplification of the MYCN oncogene (MYCNAMP), which is associated with aggressive 

disease and poorer outcome. The MYCNAMP genomic signature significantly effects the 

expression of genome stability pathway factors and may explain selective PARPi 

sensitivity in NB with MYCNAMP (Hallett et al., 2016). Furthermore, CDK2 and CHK1 

inhibition are also associated with selective kill of MYCNAMP NB (Cole et al., 2011; 

Molenaar et al., 2012). Dependency of MYCNAMP NB on CHK1 is likely due to oncogene-

driven replication stress, disrupting replication regulation and inducing DNA damage. 

Based upon MYCN influencing DNA repair and inducing DNA replication stress, in this 

chapter I explore MYCNAMP NB as a proof-of-principle malignancy to test CyPA 

inhibition/CSA repurposing. 

5.1.1 Neuroblastoma overview 

Neuroblastoma (NB) is a childhood malignancy of the sympathetic nervous system, 

arising from early nerve cells (neuroblasts) (Maris 2010). Neuroblastomas present as 

cancerous tumours, forming anywhere along the sympathetic nervous system  (Figure 

5.1.1), most occurring within the abdomen (65%), with at least half of these arising in 

the adrenal glands (Chu et al., 2011). Tumours also commonly form in the neck, chest, 

and pelvis (Chu et al., 2011). It is a cancer which is diagnosed at a median age of 

around 17 months and is the most commonly diagnosed cancer in children under 1 

years old (Maris 2010). 

Known recurrent oncogenic drivers associated with hereditary and sporadic NB 

have been identified. Familial NB is inherited in an autosomal dominant manner and 

accounts for only 2% of total NB cases, with the two main oncogenic drivers being ALK 

and PHOX2b (Cheung and Dyer, 2013). ALK is a tyrosine kinase key in regulating 

neuronal cell differentiation and is expressed during nervous system development 

(Mosse et al., 2008). Mosse et al. showed gain-of-function ALK mutations in 6 of 8 

families with three or more NB affected individuals (Mosse et al., 2008). The two 
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families without ALK mutations exhibited missense mutations in PHOX2B, which is a 

vital protein in the development of autonomic neural crest derivatives. Shonherr et al. 

showed that ALK can stimulate transcription of MYCN, increasing the transformation 

potential of NB (Schonherr et al., 2012). 

 
Figure 5.1.1 Neuroblastoma in children.  (A) Diagram illustrating the sympathetic nervous 
system of children. Neuroblastoma tumours can arise anywhere along this axis, ©2005-2017 
American Society of Clinical Oncology. (B) X-ray image of Neuroblastoma tumour present in the 
thorax of patient (Hallett and Traunecker, 2012). 
 

MYCN amplifications and chromosomes 11q deletions are prevalent drivers of 

sporadic NB. Around 20% of patients have high-level gene amplifications (100-1000 

gene copy number gains) in the transcription factor MYCN (Figure 5.1.2 A) (Brodeur et 
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al., 1984; Pugh et al., 2013; Seeger et al., 1985). This is associated with a high-risk and 

very aggressive form of NB, conferring an especially poor prognosis (Figure 5.1.2 B). 

High-risk NB is the most aggressive form of the disease with a 5-year survival rate at 

40-50% compared to 95% and 90% in low and intermediate risk respectively (Easton et 

al., 2016; Smith and Foster, 2018). The risk of NB is categorised based on DNA ploidy, 

cell histology and age of diagnosis. MYCN amplifications are always high-risk, 

irrespective of these risk stratification categories (Meany, 2019).  

 
Figure 5.1.2 MYCN amplification in Neuroblastoma is associated with poor prognosis.  (A) 
FISH (fluorescence in situ hybridisation) image indicating multiple copies of MYCN (yellow) in 
NB. (B) Graph indicating the event-free survival (EFS) of children with NB, whereby no clinically 
significant cancer-related symptoms are shown in the patient. Patients with more than 10 
copies of MYCN have drastically lower EFS following diagnosis and therefore a poor prognosis. 
Taken from: The Biology of Cancer (Weinberg, 2007). 

 

5.1.2 Current Treatments 

The current treatments for Neuroblastoma include surgery, chemotherapy, 

radiotherapy and occasionally stem cell transplants (Maris 2010). Surgery is the most 

common treatment for NB, whereby the tumours are surgically removed and often this 

is successful in curing the disease alone. Chemotherapy may be given to shrink the 

tumours as a single treatment or normally given to shrink the tumours before surgery 

(neoadjuvant chemotherapy) or after surgery (adjuvant chemotherapy) (Aljumaily et 

al., 2011). Usually the chemotherapy is given as a combination of standard drugs 

including cisplatin, cyclophosphamide, doxorubicin, and etoposide (Maris 2010). 
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Radiotherapy is sometimes used after surgery to target and destroy any remaining 

cancer cells in the operated area (Castleberry et al., 1991). NB patients with high-risk 

disease may be given high-dose chemotherapy followed by an autologous stem cell 

transplantation. The high-dose chemotherapy regimen administered is generally 

beyond the tolerance of the patient's bone marrow leading to failed hematopoietic 

recovery following chemotherapy. Therefore, prior to the high-dose chemotherapy, 

stem cells from the child are collected, frozen and stored and are given back to them 

after treatment to aid  hematopoietic recovery (Fish and Grupp, 2008).  

The cure-rate of NB varies depending on the risk-factor categorisation of patients 

with the disease (Whittle et al., 2017) (Maris 2010). Low-risk NB is defined by having a 

localised tumour that has not metastasised (Maris 2010). The tumours are often 

benign and can be identified on a chromosomal level by containing whole-

chromosome gains (but no segmental chromosomal aberrations). The tumours are 

usually surgically removed and patients have a survival rate of >90% (Maris 2010). 

High-risk NB is a more aggressive condition whereby the tumour has metastasised to 

the bone marrow and other parts of the body. Cells are characterised by segmental 

chromosomal aberrations such as translocations, amplifications, and deletions. The 

treatment varies between chemotherapy, surgery and radiotherapy depending on the 

individual patient case. The cure-rate for high-risk NB is around 50%, with 50-60% of 

patients experiencing relapse (Maris 2010). This underscores the need to develop 

more targeted treatments for this form of high-risk NB. 

5.1.3 MYCN oncogene  

The most common genetic alteration in NB is amplification of MYCN. MYCN is an onco-

protein which is encoded by MYCN, belonging to the MYC family of transcription 

factors which play important roles in cell proliferation and apoptosis (Dang, 2012). The 

members of this family consist of three related genes (c-MYC, MYCL, and MYCN), all 

containing a conserved transcriptional activation domain (TAD) and a basic helix-loop-

helix (bHLH) domain, enabling their binding to DNA (Ruiz-Pérez et al., 2017). MYC 

family members are expressed at different times during development, with MYCN 
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being essential in neurogenesis and early fetal brain development (Knoepfler et al., 

2002).  

 

 
Figure 5.1.3 The regulation of MYCN stability.  MYCN is phosphorylated on Ser62 by 
CDK1/Cyclin B, priming it for the binding of GSKβ which further phosphorylates MYCN on 
Thr58. This initiates the poly-ubiquitylation of MYCN and its subsequent degradation. Growth 
factors signalling to RTKs activate PI3K which leads to the localisation of AKT/PKB to the plasma 
membrane which allows PDK1 to phosphorylate AKT/PKB on Thr308 and partially activate it. 
The mTORC2 complex phosphorylates AKT/PKB on ser473, enabling its full activation. Active 
AKT phosphorylates GSK3β, inactivating its ability to phosphorylate MYCN and preventing its 
degradation.  PP2A can also bind to MYCN on phospho Ser62, leading to its dephosphorylation 
and destabilisation. The mTORC1 complex can inhibit PP2A which allows MYCN to remain 
active. PI3K and mTORC inhibitors are possible therapeutic targets in MYCN- driven cancers to 
enable its destabilisation and degradation and halt uncontrolled cell proliferation. Taken from 
(Vaughan et al., 2016) 
 

MYCN is localised in the nucleus and is ordinarily inactive until dimerization 

with its binding partner MAX, another bHLH protein (Blackwood and Eisenman, 1991). 

MYC/MAX heterodimers bind to E-box sequences (CACGTG) on DNA, which recruits 

histone acetyl transferases (HATs) and Tat-interactive protein 60 kDa (TIP60) to keep 
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chromatin in an open configuration and promote transcription of genes involved in 

proliferation and growth (Grandori et al., 2000).  

MYCN stabilisation is primarily controlled through its phosphorylation and 

ubiquitylation, as outlined in Figure 5.1.3 (Hydbring et al., 2017; Vaughan et al., 2016). 

CDK1/Cyclin A phosphorylates MYCN on Ser62, priming for additional phosphorylation 

on Thr58 by glycogen synthase kinase 3β (GSK2β). This signals to the F-box protein, 

FBXO7, which mediates the ubiquitination and proteasomal degradation of MYCN, 

leading to growth suppression and apoptosis (Bonvini et al., 1998; Sjostrom et al., 

2005). Conversely, the PI3K/AKT pathway promotes the stabilisation of MYCN by 

phosphorylating GSK3β and inactivating it (Chesler et al., 2006). Another control 

mechanism of regulating MYCN stability is through protein phosphatase 2A (PP2A). 

PP2A can bind to MYCN, with the aid of the prolyl isomerase PIN1, leading to Ser62 

dephosphorylation and MYCN destabilisation. PP2A can be inhibited through mTORC1 

complex, which leads to the accumulation of phosphor Ser62 active MYCN. 

5.1.3.1 Cell Cycle and MYCN 

MYCN amplifications (MYCNAMP) have been shown to drive tumorigenesis by 

promoting the overexpression of genes involved in multiple pro-growth networks, 

including many components constituting the cell cycle (Woo et al., 2008). MYCN 

upregulates cyclin D2 expression (Bouchard et al., 2001), which could be a reason for 

MYCNAMP cells over-riding the G1 checkpoint and therefore promoting uncontrolled 

cell cycle progression (Bell et al., 2007). Inhibiting MYCN through RNAi causes an 

accumulation of cells in G1 and a decrease cells in the S-phase of the cell cycle, 

indicating that MYCN has a role in driving cells through the G1-S phase transition (Woo 

et al., 2008). This inhibition of MYCN is associated with a decrease in the expression 

levels of E2F and CDK4/6 and an increase in the CDK inhibitor p27.  

The transcription factor E2F controls G1-S phase transit and DNA replication 

initiation. MYCNAMP NB have high levels of E2F activity, leading to an increased 

transcription of G1 genes, conferring especially poor prognosis in these patients 

(Molenaar et al., 2012). The cyclin-dependent kinases CDK4/6 bind to cyclin D and 
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drive cell progression through G1 (Goel et al., 2018). MYCNAMP NBs also have frequent 

amplifications in the genes encoding CDK4/6 (Molenaar et al., 2012). MYCNAMP NB 

exhibit low levels of the cell cycle inhibitor protein p27 (Bergmann et al., 2001; 

Toyoshima and Hunter, 1994). The p27 protein functions to halts cell cycle progression 

at G1 through its inhibition of CDK2/cyclin E and CDK4/cyclin D complexes via direct 

binding (Moller, 2000). MYCN is a driver of cells through G1 and the G1-S phase 

transition.  

Inhibition of CDK4/6 in vivo has shown growth delay of NB tumours (Rader et 

al., 2013). Inactivation of CDK2 is also synthetically lethal to MYCN over-expressing 

cancer cells. (Molenaar et al., 2009). Silencing CDK2 through RNAi induces selective 

apoptosis in MYCNAMP NB and silencing MYCN in these cells abolished this effect 

(Molenaar et al., 2009). Using small molecule inhibitor of CDK2 also achieved the same 

effect. NB with normal MYCN expression levels (MYCNWT NB) did not undergo 

apoptosis with CDK2 silencing unless MYCN was overexpressed in these cells. This gives 

promise to use targeted therapies to treat NB with the MYCNAMP. 

5.1.3.2 Apoptosis and MYCN 

MYCN plays a role in the MDM2-p53 signal pathway to inhibit apoptosis and 

encourage cell survival. In response to irreparable DNA damage, normal cells activate 

the tumour suppressor p53 to signal downstream and undergo apoptosis (Kracikova et 

al., 2013). The levels of p53 are regulated by MDM2, a E3 ubiquitin ligase, which 

promotes its degradation through ubiquitination and proteasomal degradation (Nag et 

al., 2013).  

MYCN binds to the E-box element of MDM2 and p53, directly increasing their 

transcription. This activates the MDM2 feedback loop which leads to p53 degradation 

and prevents the cell from undergoing apoptosis. MDM2 also directly stabilises MYCN 

mRNA, inducing its translation and further regulating the crosstalk between both 

pathways. This loss of p53 explains the radio-resistance seen in MYCNAMP driven 

neuroblastoma (Yogev et al., 2016) and inhibiting MDM2 enables cells to become 
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sensitive to chemotherapy  (Barbieri et al., 2006). Overall, MYCN leads to an inhibition 

of p53 mediated apoptosis that drives the survival of the MYCNAMP cells. 

5.1.3.3 Genome Stability and MYCN 

MYCNAMP have been shown to affect the expression of various genome stability 

factors. Sensitivity to PARP inhibitors has been seen in MYCNAMP NB cell lines 

selectively, with these cells correlating with higher PARP1 expression (Hallett et al., 

2016). Inhibition of DNA-dependent protein kinase (DNA-PK), which is a key 

component of non-homologous end-joining (NHEJ), moderately sensitises NB cells to 

ionising radiation (IR) (Dolman et al., 2015).  

A large-scale RNAi screen against the kinases in NB patient-derived cell lines 

identified CHK1 as a therapeutic target in NB (Cole et al., 2011). CHK1 coordinates the 

DNA damage response (DDR) and cell cycle checkpoint response through the 

phosphorylation of RAD51 (Sorensen et al., 2005). Activation of CHK1 results in the 

initiation of cell cycle checkpoints, cell cycle arrest, DNA repair and apoptosis to 

prevent damaged cells from progressing through the cell cycle (Sorensen et al., 2005). 

CHK1 inhibitor sensitivity correlated with total MYCN levels and inducing MYCN in 

retinal-pigmented epithelial cells resulted in CHK1 phosphorylation, which caused 

growth inhibition. Additionally, higher CHK1 levels are seen in the MYCNAMP lines 

implying that MYCN leads to the phosphorylation and activation of CHK1 (Cole et al., 

2011). CHK1 inhibition in NB cells caused apoptosis during S-phase, consistent with its 

role in replication fork progression. CHK1 kinase is phosphorylated and activated by 

ATR and is the principle effector of the ATR signalling pathway (Liu et al., 2000b). ATR 

is most commonly activated in response to ssDNA regions that arise from replication 

stress (RS) during S-phase when the replication fork (RF) stalls (Flynn and Zou, 2011). 

CHK1 phosphorylates many downstream targets to activate the intra S-phase 

checkpoint, block origin of replication firing, and promote RF stability and repair of 

stalled replication forks (Liu et al., 2000b). 

In chapter 3, I showed that select multiple myeloma (MM) cell lines are 

sensitive to CyPA inhibition (CSA treatment). Hideshima et al. reported increased RS in 
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MM marked by increased levels of p-ATR and p-CHK1 and RPA foci (Hideshima et al., 

2013). The dependency of MYCNAMP NB on CHK1 could be due to oncogene-driven RS, 

and could be exploited therapeutically by CyPA inhibition. MYCNAMP NB cells exhibit 

sensitivity to both PARP and PI3K inhibition, which is also seen in CyPA knockdown 

cells (Hogarty and Maris, 2012). In this chapter, I investigate the effects of inhibiting 

CyPA in MYCN-amplified neuroblastoma with the aim to exploit the genome instability 

caused as a result of MYCN affecting DNA replication, checkpoint control and DNA 

repair. 
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5.2 Results 

To assess the impact of A inhibition in neuroblastoma, I utilised a panel of 

patient-derived neuroblastoma cell lines. The cell lines either have normal diploid copy 

number MYCN levels (MYCNWT) or significantly amplified MYCN expression levels 

(MYCNAMP). Western blot analysis on the panel in Figure 5.2.1A confirms the cell lines 

that are MYCNWT: SH-SY5Y, SK-N-AS, SK-N-SH and MYCNAMP: KELLY, IMR-32, SK-N-DZ, 

CHP-143, BE(2)-M17, SK-N-BE(2). The NB cell lines in the panel also have similar CyPA 

protein expression levels (Figure 5.2.1A). 

 
Figure 5.2.1 Expression of MYCN and CyPA in patient-derived NB cell lines.  (A) Western blot 
analysis confirming the protein levels of MYCN and CyPA in 9 different patient-derived 
neuroblastoma cell lines.  β-Actin levels were used for protein loading control. (B) Table 
summarising A. 
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5.2.1 Sensitivity of NB to CSA 

Hallett et al. shows that MYCNAMP significantly alters the expression of various DNA 

DSB repair pathways (Hallett et al., 2016). These pathways include: BRCA1/2 

dependant repair and the fanconi anaemia (FA) pathway, which is key in the repair of 

DNA interstrand crosslinks and for the stabilisation of replication forks (Ceccaldi et al., 

2016; Hallett et al., 2016). Hallett et al. also showed that MYCNAMP NB are selectively 

sensitive to PARP1 inhibitor, which is well established in inducing synthetic lethality 

with HR defects (BRCA1/2 deficiency). Previous data from the lab shows that HR-

defective cells are sensitive to CSA treatment. I have also shown that select MM lines 

with aberrant HR and increased RS are sensitive to CSA treatment. Therefore, I 

hypothesise that MYCNAMP NB cells which exhibit abnormal expression of genome 

stability pathway factors, possibly inducing RS and compromised DNA repair are also 

sensitive to killing with CSA treatment.  

To test this, I treated a panel of five MYCNAMP and three MYCNWT NB cell lines 

with increasing doses of CSA for 72 hours to test for sensitivity using Cell Titre Blue 

(CTB) viability assay.  Results from a cell viability assay in Figure 5.2.2  indicate that the 

NB lines: SK-N-AS, IMR-32, CHP-143, SK-N-DZ and KELLY show decreased viability 

treatment whereas SH-SY5Y, SK-N-SH and BE(2)-M17 are not sensitive under these 

doses. The KELLY cell line appears to be the most sensitive to CSA under these 

conditions with less than 10% cell survival following 10µM treatment. The SK-N-AS line 

is MYCNWT whereas BE2-M17 has MYCNAMP status. Therefore, the sensitivity seen does 

not fully segregate with MYCN status of the cells. In summary, 4 of 5 MYCNAMP lines are 

sensitive to CSA treatment and 2 of 3 MYCN normal diploid copy number not sensitive.  

I have shown that a subset of NB cells (largely MYCNAMP) are sensitive to CSA 

treatment in 2D culture. I sought to determine whether this sensitivity is also seen 

when you cultivate cells in a 3D culture setting. Cells grown in 2D culture all receive the 

same concentration of drug, which is not relatable to the physiological condition. In 3D 

culture, a drug gradient can form and not all cells receive the same dose of drug 

(Edmondson et al., 2014). Generally, the centre of a tumour is hypoxic, receives lower 

concentration of drugs, and includes less proliferative and more drug-resistant cells. 



134 

 

This is especially relevant in solid tumours such as NB. Hence, a 3D culture system 

better mimics the physiological condition compared to traditional 2D culture (Kumar et 

al., 2008; Sams-Dodd, 2005; Zanoni et al., 2016). NB cells were cultured in ultra-low 

attachment plates, which have a rounded base. This encourages cells to stick to each 

other and grow into a sphere shape, better mimicking the structure of a solid tumour. 

 
Figure 5.2.2 Cell Viability of neuroblastoma cell lines with wild-type or amplified MYCN after 
treatment with CSA.  (A) Plate reader-based Cell Titre Blue (CTB) Assay of patient-derived 
Neuroblastoma cell lines following 72-hour treatment with CSA. 5,000 cells were seeded in 96-
well plates. Error bars are the mean ± SD where n = 3. (B) Data from (A) for CSA 10µM 
treatment represented as a bar chart. Guide bar (dotted line) at 50% cell viability. 
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Figure 5.2.3 CSA treated NB cells cultured in 3D tumour spheroid system.  Brightfield 
microscopy images of patient-derived NB cell spheroids following 10µM CSA treatment (CSA) or 
equivalent concentration of DMSO (UNT). In each cell line, 1x103 cells were seeded for 24 hours 
before being treated with CSA. Images were taken after 72 hours of CSA treatment for SK-N-SH 
and KELLY and 144 hours of CSA treatment for SH-SY-5Y and IMR-32. Scale bar is 200µm. 
 

Results from Figure 5.2.3 indicate that the MYCNWT cell lines, SK-N-SH and SH-SY-5Y, 

have minimal change in spheroid size when treated with 10µM CSA. This is consistent 

with the 2D culture results seen (Figure 5.2.2B). The MYCNAMP cell lines, KELLY and 

IMR-32, have prominent reduction in spheroid size with CSA treatment. KELLY is the 

most sensitive to CSA in 2D culture and shows complete obliteration of the spheroid 

with CSA treatment.  IMR-32 cells show a modest reduction in spheroid size when 

treated with CSA, which is similar again to the sensitivity seen in 2D culture (Figure 
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5.2.2B). Therefore, these results indicate that NB cells have similar sensitivity to CSA 

treatment in this 3D system compared to 2D system. Table 5.2.1 a summary of the NB 

cell lines tested and their sensitivity to CSA. 

Table 5.2.1 Summary table of CSA sensitivity in NB panel.  (-) indicates no sensitivity to CSA 
>90% survival, (+) indicates <50% survival, (++) indicates <10% survival. The MYCN status of 
each cell line is also shown. 

 
 

Cell line 
 

MYCN 
Sensitivity to 
CSA at 10uM/ 

72hrs 
SH-SY5Y WT - 
SK-N-AS WT + 
SK-N-SH WT - 

KELLY Amplification ++ 
IMR-32 Amplification + 
SK-N-DZ Amplification + 
CHP-134 Amplification + 

BE(2)-M17 Amplification - 
 

5.2.2 Overexpression of MYCN in PPIA shRNA line 

I sought to determine whether the MYCNAMP status is the reason for CSA sensitivity 

seen in these NB lines. To test this, I transiently overexpressed MYCN in a stable shRNA 

PPIA (shCyPA) knockdown line and conducted survival clonogenics on these cells. The 

shCyPA line (previously established in the lab) has reduced levels of CyPA and hence is 

used here as a model for lowered CypA activity.   

Using the standard Lipofectamine™ 3000 transfection protocol (Invitrogen™), 

C-terminal MYC-DDK tagged MYCN (OriGene NM_002467) was transfected into U2OS 

cells. The U2OS lines transfected were shCyPA and scrambled. This transfection was 

successful in overexpressing MYCN as there is a significantly higher MYCN signal in the 

MYCN transfected shCyPA and scrambled cells (Figure 5.2.4A) compared to the control 

(C-terminal MYC-DDK vector alone). A clonogenic survival assay was conducted on 

these cells by plating them to 6cm dishes and leaving them to form colonies for 2 
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weeks before staining with methylene blue. Colony numbers were counted and 

compared to the control.  

Clonogenic survival in Figure 5.2.4B shows that MYCN over-expression causes a 

slight decrease in survival in both shCyPA and scram U2OS lines compared to the 

controls. There is also slightly less survival in the shCyPA line (~60%) compared to the 

Scrambled line (~70%), although it does not show significant values. Therefore, under 

these conditions, overexpressing MYCN does not cause selective killing in cells with 

lower CyPA protein levels. 

 I have shown that several NB cell lines with MYCN overexpression are sensitive 

to CyPAi (CSA). Here, is a conflicting result to this observation whereby an 

overexpression of MYCN in CyPA knockdown cells does not cause significant sensitivity. 

Although, I see a high overexpression of the MYCN protein levels in these cells (Figure 

5.2.4A), this is a transient overexpression and the cells could recover over the 2 weeks 

of clonogenic plating. The kinetics of the loss of MYCN over the clonogenic period was 

not assessed. It could take time and constitutively overexpressed MYCN to create the 

aberrant transcriptional background that shows sensitivity to CSA. To address this 

issue, a further work would be to utilise a MYCN tetracycline-inducible system. This 

would allow for the transcription of MYCN to be turned on in response to doxycycline 

in a precise and dose-dependent manner (Das et al., 2016). Alternatively, a more 

representative experiment would be to create a stable MYCN overexpression line and 

test the outcome of CyPA inhibition. Furthermore, the shCyPA line used in this 

experiment is not a full knockout and there is still significant residual CyPA that could 

be undergoing its function. Since doing this work, the lab has created a full knockout 

Cas9/CRISPR CyPA U2OS cell line that can be used in this experiment to eliminate this 

issue. 
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Figure 5.2.4 Survival of shCyPA cells following MYCN overexpression.  (A) Western blot 
analysis of the overexpression of MYCN in Scram and shCyPA U2OS cells. pCMV6 vector was 
used as transfection control (v.). β-tubulin is used as the loading control. (B) Clonogenic survival 
of Scram and shCyPA cells transfected with MYCN compared to transfection with the empty 
vector alone. Cells were plated 48 hours after transfection. Error bars are the mean ± SD where 
n = 3. Statistical differences: ns, not significant where P-value is set at 0.05 (two-tailed 
Student’s T-test). 
 

5.2.3 CSA induces elevated DNA damage signalling in NB 

Previous data from the lab indicates that CyPA inhibition induces genome instability, 

resulting in increased chromosomal breaks and fusions. I have shown that some NB 

cell-types can be killed with CSA treatment, therefore it is reasonable to assume in this 

context CSA is inducing DNA damage and this may contribute to the sensitivity seen in 

the NB cells.  

To test this, I treated NB cells for 3 to 24 hours and harvested the cells for 

protein extracts at various time points. I used γH2AX and ATM-dependant 

phosphorylation of KRAB-associated protein-1 (KAP1) as markers of DNA damage 

(Sharma et al., 2012; White et al., 2012b). ATM and DNA-PK phosphorylate H2AX in 

response to DNA-DSBs and ATR phosphorylates H2AX in response to DNA-SSBs breaks. 

DSB-induced KAP1 phosphorylation is absolutely dependent upon ATM, where it is 

involved with the local decondensation of chromatin, allowing the access of DNA 

repair proteins.  
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Figure 5.2.5 DNA damage readout following the treatment of NB Cells with CSA. Cells were 
treated with 10µM CSA for the indicated times. (A) γH2AX signal following treatment. β-
tubulin as the loading control. (B) pKAP1 signal following CSA treatment. Native KAP1 as the 
loading control.  
 

Western blotting in Figure 5.2.5 A demonstrates increased γH2AX levels the NB 

cell lines SH-SY5Y, KELLY and IMR-32 with longer time treatments of CSA. The SK-N-AS 

cell line shows no variation of γH2AX levels after each time point of CSA treatment. As 

protein levels are standardised, it could be possible that cells with DNA damage have 

died and hence the treated γH2AX levels are similar to the untreated. It could also be 

possible that longer treatment of CSA is needed in these cells to induce breaks as cell-

cycling times can vary between the patient-derived NB cell lines.  

There appears to be no induction of pKAP1 in any of the NB cell lines treated 

with CSA under these conditions (Figure 5.2.5 B). As the phosphorylation of KAP1 is 

ATM dependant, and there is no pKAP1 present under these conditions, it is most 

likely that γH2AX is not phosphorylated by ATM. This indicates that the damage caused 

by CSA treatment is dependent on ATR/DNA-PKcs stabilisation at DNA damage sites to 

phosphorylate H2AX. 
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5.3 Summary 

In this chapter I have described experimental evidence to show that: 

• MYCNAMP NB cell lines are often sensitive to CSA treatment, whereby 4 of 5 

MYCNAMP lines are sensitive and 2 of 3 MYCN normal diploid copy number lines 

are not sensitive  

• NB shows similar sensitivity to CSA in 3D spheroid culture 

• MYCN overexpression does not induce elevated death in shCyPA cells 

• CSA induces increased γH2AX in NB within 24hr, suggestive of ssDNA as pKAP1 

levels were not observed under these conditions 
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5.4 Discussion 

In this chapter, I have shown that inhibition of CyPA using CSA selectively kills patient-

derived Neuroblastoma cells with a MYCN amplification status. Patients with MYCNAMP 

have a very poor prognosis and this provides proof-of-principle evidence for further 

investigating the potential for repurposing CSA or its NIAs as a targeted treatment in 

these patients.  

The sensitivity of NB to CSA treatment mostly segregates with the MYCNAMP status of 

the cell line, whereby 4 of 5 MYCNAMP lines are sensitive and 2 of 3 MYCN normal 

diploid copy number lines are not sensitive (Table 5.2.1). One of the MYCNAMP cell lines 

tested is not sensitive to CSA, one MYCNWT cell line is sensitive, and therefore the 

sensitivity to CSA does not fully segregate with the MYCN status of the cell. There 

could be many possible reasons for these outlier cell lines. The SK-N-AS cell line is 

MYCNWT and is sensitive to CSA treatment. Data base analysis of COSMIC 

(https://cancer.sanger.ac.uk/cosmic) shows this cell line has the missense mutation 

p.V2158F in ATR (Barretina et al., 2012) and the missense mutation p.Q61K in the 

oncogene NRAS (Tym et al., 2016). The mutation in ATR could be impairing its function 

in DNA repair, while this mutation in NRAS leads to it being constitutively active, acting 

as an oncogene to promote cell proliferation/survival (Burd et al., 2014). Mutation 

damaging level prediction analysis for both of these mutations states that they are 

“possibly damaging” (Figure 5.4.1). These mutations could be causing a genome 

instability and replicative stress background similar to having MYCNAMP, and hence 

making SK-N-AS sensitive to CSA treatment. Conversely, BE(2)-M17 has a MYCNAMP 

status and is not sensitive to CSA. It is possible that this cell line has an over activated 

pathway in genome stability, making CyPA inhibition redundant. Further transcriptome 

analysis and/or whole genome siRNA/CRISPR KO screen for CSA sensitivity would have 

to be done to discover a potential mechanism for this resistance to CSA. This cell line 

could be useful for future work to study resistance to CyPA inhibition.  

 

https://cancer.sanger.ac.uk/cosmic
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Figure 5.4.1 Damaging level of missense mutations present in the cell line SK-N-AS.  0 (green) 
indicates no damaging effect of the mutation; 1(red) indicates highly damaging. Using software 
PolyPhen-2: http://genetics.bwh.harvard.edu/pph2/ (Adzhubei et al., 2010). 
 

I have shown in Figure 5.2.5 that CSA activates the DDR in the NB cell lines 

tested under these conditions. This is shown through the increase in γH2AX levels with 

CSA treatment. Interestingly, the ATM target protein, KAP1, phospho levels remain 

unchanged with CSA treatment. This implies that ATM is not involved in the DDR and 

that DSBs are probably not increased under these conditions (10µM CSA, 0-24 hours) 

(Figure 5.2.5 B). The NB cell lines tested in these experiments are asynchronous 

meaning that if CSA induced direct DSBs, ATM would be activated along with DNA-PK 

to phosphorylate H2AX and signal the DDR. Therefore, it is likely that either DSBs are 

not being formed or are being formed transiently and repaired by an erroneous DSB 

repair pathway (Rodgers and McVey, 2016).  

The increase in yH2AX following CSA treatment could be due to activation of 

ATR in response to replication fork arrest and replication stress where RPA-coated SS 

regions of DNA are present (Acevedo et al., 2016; Ward and Chen, 2001; Ward et al., 

2004). This is more likely, given that the amplification of MYCN causes oncogene-

induced replication stress (Kotsantis et al., 2018). The γH2AX foci induces the 

localisation of PCNA, BRCA1 and 53BP1 at the arrested replication fork, independently 

of ATM. Previous work in the lab shows that CyPA co-IPs with PCNA, BRCA1 and 53BP1 

and is likely to have a role in this part of the DDR. The model for this chapter is that the 

http://genetics.bwh.harvard.edu/pph2/


143 

 

MYCNAMP in NB causes an aberrant DNA repair and replicative stress background, and 

inhibiting CyPAi through CSA treatment induces selective cell death (Figure 5.4.2). 

Many cancers are driven by the increased activity of certain oncogenes, such as 

MYCNAMP in NB. I have shown that a NB cell line with normal MYCN amplification status 

but with increased oncogene Ras activity (SK-N-AS) is sensitive to CSA treatment. This 

indicates that CSA is selectively toxic to cancers with increased DNA 

replication/proliferation leading to replicative stress and DNA damage. It can be 

speculated that CyPA has a role in repairing this type of damage and hence its 

inhibition induces toxicity in these cells. This theorised model is shown in Figure 5.4.2. 

Therefore, it may be possible to use CyPAi in other oncogene-driven cancers. 

Retinoblastoma (RB) is driven by the loss of the tumour suppressor RB1 

(Chinnam and Goodrich, 2011). RB transcriptionally regulates uncontrolled cell 

proliferation through its inhibition of cell cycle progression. Hence, the loss of RB1 

activity is common in several cancers to drive tumorigenesis, having a similar outcome 

on cell proliferation as oncogene activation. CSA has been successfully used as a 

chemosensitizer in RB and induces apoptosis in RB through the possible calcineurin 

(CN)/nuclear factor of activated T-cells (NFAT) signalling pathway (Chan et al., 1996; 

Eckstein et al., 2005). This mechanism has not been fully studied however, and the 

sensitivity of RB to CSA could follow the replicative stress model outlined. MYCN 

amplifications are drivers of  cancers other than NB such as: Retinoblastoma lacking 

RB1 genetic defects, medulloblastoma, and acute myeloid leukemia (Rickman et al., 

2018). Therefore, it may be possible to study other oncogene driven cancers in the 

context of CyPA inhibition.  
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Figure 5.4.2 Schematic model of the effect of CyPA inhibition on MYCN-dependent tumours.  
MYCN overexpression (MYCNAMP) promotes cell proliferation and increased DNA 
replication/transcription which causes high amounts of replication stress (RS). This RS causes 
the accumulation of DNA damage, which unrepaired leads to apoptosis (black). MYCNAMP 
inhibits apoptosis, driving the survival of the cell. MYCNAMP exhibits impaired Homologous 
Recombination (HR) causing further DNA damage. CyPA has a potential role in resolving the 
detrimental effects of RS and DNA damage, leading to cancer cell survival (purple). The 
inhibition of CyPA through CSA treatment causes an accumulation of unrepaired DNA damage 
and cell death (red). 
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6 Chapter 6- CyPA and the Cell Cycle 
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6.1 Introduction 

The CyPA-BioID analysis output contains several proteins involved in G1-S phase, 

replication, G2-M and mitosis. CSA induced breaks are elevated in LIG4 syndrome cells 

defective in NHEJ, with DSBs only forming in cells that have traversed S-phase 

(O'Driscoll and Jeggo, 2008). Previous work in the lab shows depleting CyPA hinders 

the ability of the cell to enter S-Phase following synchronisation and release from G1. I 

have shown in chapters three and five that cancers characterised by high levels of 

replication stress (RS) are generally sensitive to CyPA inhibition. Furthermore, previous 

work in the lab shows that cells with deficient CyPA activity exhibit impaired G2-M 

transition and elevated micronuclei, which could be indicative of impaired 

chromosome segregation in mitosis. Using the CyPA-BioID as a guide, the potential role 

of CyPA in mitosis will also be explored in this chapter. The CyPA-CRISPR U2OS panel 

previously created in the lab is utilised in this chapter. This consists of: scrambled 

control gRNA (SCRAM); CyPA knockout (PPIA KO); CyPA knockout cells reconstituted 

with isomerase dead (ID) CyPA with R55A mutation (KO+ R55A) and CyPA knockout 

cells reconstituted with WT CyPA (KO+ WT). 

 

6.1.1 G1-S transition 

For the G1-S transition to occur, the inhibitory effects of RB1 on E2F need to be 

alleviated, allowing E2F induced transcription of proteins required for S-phase (Figure 

6.1.1) (Helin, 1998). During G1, cyclin D-CDK4/6 mono-phosphorylates RB1 which 

allows for subsequent hyper-phosphorylation by cyclin E-CDK2 (Frolov and Dyson, 

2004; Narasimha et al., 2014). Hyper-phosphorylated RB1 is released from E2F, 

allowing S-phase proteins to be transcribed and progression to S-phase to occur.  
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Figure 6.1.1 Role of RB1 in G1-S phase cell cycle progression.  Un-phosphorylated RB1 
regulates G0 cell cycle exit and differentiation. During G1 phase entry, growth factor signalling 
and DNA damage causes a rise in cyclin D levels which binds to and activates CDK4 and CDK6 to 
form the cyclin D-CDK4/6 complex. Activated CDK4/6 can mono-phosphorylate RB1 on one of 
its 14 CDK phosphorylation sites. p16 can inhibit CDK4/6 and reverse this. Mono-
phosphorylated RB1 binds to and inhibits E2F, preventing entry into S-phase and the cell is 
arrested at the restriction point. The restriction point is overcome when there are sufficient 
levels of cyclin E to activate CDK2 and hyper-phosphorylate all mono-phosphorylated RB1. This 
releases E2F from its inhibition, allowing the transcription of genes required for DNA synthesis 
and S-phase entry. This event is irreversible and S-phase entry cannot be inhibited at this point. 
Figure adapted from: (Narasimha et al., 2014) 
0 

Previous work in the lab shows that cells deficient in CyPA activity are hindered 

in their recovery and release from G1 synchronisation (Figure 6.1.2). Figure 6.1.2A 

shows cell cycle analysis of CyPA CRISPR panel U2OS synchronised in G1 with the 

CDK4/6 inhibitor, Palbociclib, and released for indicated timepoints. Figure 6.1.2B 

shows that PPIA KO and KO+R55A cells in early S-phase are significantly reduced at 

every time point following release from palboxiclib. For example, 6 hours following 

release from G1, SCRAM and KO+WT show around 20% of cells in early S-phase in 

contrast to PPIA KO and KO+R55A cells which show 12% and 7% respectively (Figure 

6.1.2B). This data indicates that CyPA is involved in the timely progression from G1- S 

phase.    
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Figure 6.1.2 Cell Cycle analysis of CyPA-CRISPR panel cells synchronised in G1 and released. 
(A) Bivariate plot showing DNA content (propidium iodide staining, x axis) and EdU 
incorporation (y-axis). Indicated cell lines were treated with 1µM of the CDK4/6 inhibitor, 
PD0332991 (Palbociclib), for 24 hours before being released. Following release, cells were 
collected at indicated timepoints (0,3,6,24 hours), stained with propidium iodide (PI), pulse 
labelled with EdU (30 minutes) and subject to cell cycle analysis by flow cytometry. Red dotted 
box indicates gated population of early S-phase cells. (B) Early S-Phase population gated from 
(A) and plotted on bar chart (work by I. Abramowicz; unpublished). 
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The prolyl isomerase, PIN1, influences RB1 function and increases the rate of 

transition from hypo-phospho-RB1 to hyper-phospho-RB1, increasing G1-S 

progression. PIN1 directly interacts with the pocket domain of pRB1 at phospho-

Ser608/612, a CDK4/6-dependant phosphorylation. PIN1 isomerisation of pRB1 

increases subsequent inhibitory hyper-phosphorylation by CDK2 and release from E2F 

(Gallo and Giordano, 2005; Rizzolio et al., 2013; Rizzolio et al., 2012). Interestingly, Cui 

et al. showed that CyPA directly interacts with RB1 (Cui et al., 2002). The N-terminal 

region of CyPA interacts with a region upstream of the A-pocket domain of RB1 (Cui et 

al., 2002). The A and B domains of RB1 make up the RB1 pocket which is responsible 

for its repressor activity (Chow and Dean, 1996). Ectopic expression of RB1 partially 

blocks CSA’s immunosuppressive activity, a suggested mechanism is that binding of 

RB1 to CyPA disrupts the function of the CSA-CyPA complex in inhibiting CN activity 

(Cui et al., 2002). It is possible that CyPA binding to RB1 functions in a similar 

mechanism to PIN1, influencing the phospho-status of RB1 and hence progression 

from G1-S phase.  Additionally, CDK2, the kinase responsible for RB1 hyper-

phosphorylation, is present in the CyPA-BioID. It is possible that CyPA binds to CDK2 to 

promote activity and hyper-phosphorylation of RB1 in a dual mechanism to increase 

transition from G1-S phase. 

 
Figure 6.1.3 Domain organisation of RB1.  Schematic of RB1 domain structure. RB1 N-terminal 
domain (RB-N, light blue), RB1 pocket-domain (RB-P, raspberry), the position of the twin cyclin 
folds which form the core of each domain is indicated, RB1 C-terminal region (RB-C, yellow). 
The 301-379a.a. region of RB1 and spacer region between A and B pockets required for CyPA 
binding. Figure adapted from: (Mi et al., 2019) 
 

CSA has been assessed in therapeutic conjunction with chemotherapy in the 

RB1 defective cancer, Retinoblastoma (Chan et al., 2007; Chan et al., 1996; Fernandes 

et al., 2007). Chan et al. showed that CSA improves the long-term response of 
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retinoblastoma patients to chemotherapy, in particular, improving the outcome of 

therapy-resistant relapsed patients (Chan et al., 2007; Chan et al., 1996). Eckstein et al. 

showed that CSA directly induces apoptosis in retinoblastoma cells although the 

mechanism was not described (Eckstein et al., 2005). Exploring the functional 

relationship between CyPA and RB1 could provide insight into the use of CSA as a 

therapeutic in RB1 defective cancers. Outside of Retinoblastoma, mutations in RB1 are 

associated with many other cancer types (Figure 6.1.4).  

 
Figure 6.1.4 RB1 alteration frequency in cancers.  The fifteen highest frequency RB1 mutated 
cancers are shown. Graph produced using cBioPortal. https://www.cbioportal.org/(Cerami et 
al., 2012; Gao et al., 2013). 
 

 The CyPA-BioID contains a defined set of proteins that together function in 

DNA replication, Okazaki fragment ligation and DNA-R synthesis, including: PCNA, DNA 

https://www.cbioportal.org/
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ligase 1, RFC4, p180-POLα and POLη. Given the impaired S-phase transit of cells 

deficient in CyPA activity, it is possible that CyPA has a role in S-phase processes via 

these interactors.   

 PCNA has an essential role in DNA replication, forming a clamp around DNA and 

increasing the processivity of DNA polymerase delta during elongation of the leading 

strand (Moldovan et al., 2007).  PCNA provides a central platform for coordinating 

many other replication-associated processes, such as DNA damage repair, translesion 

synthesis and DNA damage tolerance pathway known as known as post-replication 

repair (PRR). A multitude of proteins compete for binding to PCNA to co-ordinate 

replication fork-associated processes (Mailand et al., 2013).  

6.1.2 G2-M transition and Mitosis 

Cyclin B1-CDK1 controls the progression from G2-M by phosphorylating and activating 

mitotic substrates (Figure 6.1.5) (Tuck et al., 2013). This includes Greatwall Kinase 

(GWL), also known as microtubule-associated serine/threonine kinase-like (MASTL), 

which is a key regulator of mitotic entry and maintenance (Blake-Hodek et al., 2012). 

GWL inactivates protein phosphatase 2A (PP2A), the phosphatase which counteracts 

cyclin B1-CDK1 by dephosphorylating its substrates (Jeong and Yang, 2013). GWL does 

not directly inhibit PP2A, but instead mediates phosphorylation and subsequent 

activation of the phosphatase inhibitors ARPP19 and ENSA, at Ser-62 and Ser-67 

respectively. The closely related ENSA and ARPP19 proteins (henceforth collectively 

named ENSA), specifically inhibit the B55 regulatory subunit of PP2A (Kishimoto, 2015). 

Inactivation of PP2A during mitosis is essential to keep cyclin B1-CDK1 activity high, but 

active PP2A is required for ordered mitotic exit and cytokinesis through the 

dephosphorylation of mitotic substrates (Wlodarchak and Xing, 2016). In response to 

DNA damage, PP2A is activated by CHK1/2 to inhibit cell cycle progression. Conversely, 

checkpoint recovery is achieved by inhibiting PP2A (Freeman and Monteiro, 2010). In 

addition to regulating the cell cycle, PP2A has key roles in many growth signalling 

pathways such as the mTOR and MAP kinase pathways (Wlodarchak and Xing, 2016). 

Overall, PP2A negatively regulates many pathways involved in cell cycle progression, 
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proliferation and survival, making PP2A a key cellular tumour suppressor (Ruvolo, 

2016).  

 
Figure 6.1.5 GWL and PP2A counteract each other for G2-M progression. Active CycB-CDK1 
promotes cell cycle progression into mitosis/M-phase by phosphorylating M-phase substrates 
(S; grey). CycB-CDK1 is phosphorylated and inactivated by Wee1/Myt1; Cdc25 phosphatase 
counters this phosphorylation. In a positive feedback loop, active CycB-CDK1 phosphorylates 
and inhibits Wee1/Myt1 and activates Cdc25. PP2A counteracts the kinase activity of CycB-
CDK1 and dephosphorylates its substrates, therefore counteracting progression to mitosis. 
CycB-CDK1 phosphorylates Greatwall kinase (Gwl) which phosphorylates ENSA. Phospho-ENSA 
can bind to PP2A, inhibiting its activity. Figure from: (Tuck et al., 2013). 
 

 An observation is that PPIA KO and KO+R55A U2OS exhibit abnormal nuclei 

staining, possibly with increased micronuclei, suggestive of abnormal nuclear 

morphology (Figure 6.1.6A). Micronuclei are indicative of errors in mitosis and 

impaired chromosome segregation (Levine and Holland, 2018). Both cell lines also 

exhibit significantly reduced levels of mitotic cells following treatment with colcemid 

(Figure 6.1.6 B). Colcemid arrests cells at metaphase by depolymering microtubules 

and limiting microtubule formation (Rieder and Palazzo, 1992). This implies that cells 

with deficient CyPA experience a lowered transition from G2-M and hence have a 

lower percentage of cells in mitosis. It could also indicate that colcemid is toxic to cells 

with impaired CyPA. 
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Figure 6.1.6 Mitotic defect in cells with depleted CyPA function.  (A) DAPI stained 
exponentially growing isomerase dead (ID) CyPA U2OS cells (KO + R55A). (B) CyPA-CRISPR panel 
was treated with colcemid for 4 hours and mitotic index scored. CyPA-CRISPR panel consists of: 
U2OS scrambled control gRNA (SCRAM), CyPA knockout (PPIA KO) and CyPA knockout cells 
reconstituted with ID CyPA with R55A mutation (KO+ R55A) (work by I. Abramowicz; 
unpublished). 
 

 Interestingly, GWL and the α-isoform of the PP2A regulatory subunit, B55, are 

present in the CyPA-BioID as potential CyPA interactors. Loss of PPP2RA, which 

encodes B55α, inhibits HR and induces sensitivity to PARPi, although the underlying 

mechanism was not defined (Kalev et al., 2012). This is highly relevant given that CyPA 

knockdown cells are sensitive to Olaparib treatment. It is possible that CyPA has a 

regulatory role in the tightly controlled activities of GWL and PP2A which may explain 

the mitotic defect in cells with defective CyPA. In this chapter, I will outline a series of 

exploratory analysis that link CyPA to key cell cycle proteins.  
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6.2 Results 

6.2.1 G1-S phase CyPA interactors 

Previous work in the lab showed that cells deficient in CyPA exhibit impaired G1-S and 

S-phase transit. To investigate the influence of CyPA upon G1-S transit, I investigated 

the interaction of CyPA with key G1 and S phase proteins using findings from the CyPA-

BioID analysis. 

 RB1 is a key regulator of G1-S phase transit and a direct RB1 and CyPA 

interaction has been reported (Cui et al., 2002). Cui et al. showed that overexpressing 

RB1 reduces the immunosuppressive activity CSA and suggests that RB1 binding to 

CyPA disrupts the ability of CSA to bind to calcineurin (CN). It can be hypothesised that 

CyPA and RB1 interact in the presence of CSA. To test this, I immunoprecipitated 

endogenous CyPA and probed for RB1 interaction in the presence or absence of CSA 

pre-treatment. Figure 6.2.1 shows that RB1 co-IP with endogenous CyPA in untreated 

cells which supports the RB1-CyPA confirmed interaction. Treatment with CSA under 

these conditions abolishes this interaction (Figure 6.2.1). This is unexpected given that 

Cui et al. showed RB1 binding to CyPA on its N-terminus, outside of the CSA binding 

region. It can be postulated that CSA binding to CyPA alters its structure, disrupting the 

ability of RB1 to bind to CyPA. Furthermore, the concentration of CSA used by Cui et al. 

is 5µM for 30 minutes and it is feasible that the higher concentration of CSA and longer 

treatment I have used (20µM CSA for 3 hours) more strongly affects the CyPA-RB1 

interaction.  

 CDK2 is a key regulator of G1-S phase transit, causing the hyper-

phosphorylation and release of RB1 from E2F, enabling the transcription of players 

required for S-phase. (Frolov and Dyson, 2004). Figure 6.2.1 shows that CDK2 co-IP 

with endogenous CyPA. This interaction is not abolished with CSA, possibly indicating 

that this interaction is mediated outside of the CyPA hydrophobic CSA-binding core. 

Thus far, the interaction between CyPA and CDK2 is the only interaction that I have 

validated by co-IP that is not disrupted by CSA treatment, although this requires 

confirmation and further assessment using purified recombinant proteins.  
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 PCNA has a plethora of roles in DNA replication. An interaction between 

proliferating cell nuclear antigen (PCNA) and CyPA by FAR western has been reported 

(Naryzhny and Lee, 2010). Consistently, Figure 6.2.1 shows that PCNA co-IP with 

endogenous CyPA and CyPAi abolishes this interaction. Given the impaired S-phase 

transit of cells deficient in CyPA activity it is possible that CyPA has a role in S-phase 

processes via its interaction with PCNA. 

 

Figure 6.2.1 Interaction of CyPA with CDK2, RB1 and PCNA through Immunoprecipitation (IP).   
HEK293 cell protein extracts were made from untreated (UNT) cells or following 20µM CSA 
treatment for 3 hours (CSA). Extracts were subjected to IP and WB analysis. Control IP without 
cell extract is loaded (Ctrl). IP using an antibody against endogenous CyPA. Native CDK2, RB1 
and PCNA antibodies used to show co-IP with CyPA. 

 
 Based on the interaction between RB1 and CyPA and that some RB1 defective 

cancer cells show sensitivity to CSA treatment, I sought to determine whether these 

have a synthetic lethal relationship (Eckstein et al., 2005). To test this, I transfected 

CyPA CRISPR panel U2OS with siRNA targeting RB1 and plated cells for clonogenic 

survival analysis. Figure 6.2.2A shows successful knockdown of RB1 following siRNA 

transfection in CyPA CRISPR panel U2OS. Figure 6.2.2B shows that following RB1 

knockdown, SCRAM U2OS exhibit 70% clonogenic survival compared to around 80% 

survival in PPIA KO and KO+R55A cells. This implies that depleted RB1 is not 

particularly SnL with a CyPA knockout or dysfunctional CyPA. This contrasts with the 

expectation that depleting CyPA function activity would be lethal with loss of RB1, 

given that data shows CyPAi through CSA treatment induces apoptosis in cells with RB1 

(Eckstein et al., 2005). Possible reasons for this will be further explored in discussion, 

although perhaps retinoblastoma cancer cells present additional contributing 
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mutations that influence CyPAi sensitivity. It is plausible that the G1-S phase transition 

defect in cells lacking CyPA activity is due to its interaction with RB1 and CDK2, 

however, further work needs to be done to determine a functional relationship. Also, a 

more detailed investigation of the CyPA-PCNA interaction is warranted.  

 
Figure 6.2.2 Clonogenic survival of PPIA CRISPR panel RB1 knockdown.  PPIA CRISPR panel 
U2OS were transfected with siRNA targeting RB1 or transfection reagent alone for 72 hours 
and plated for clonogenic survival. (A) Western blot analysis showing the decrease in protein 
expression of RB1. Lamin B is used as the loading control. (B) Clonogenic survival of cells 
(SCRAM, PPIA KO, KO+R55A) transfected with RB1 siRNA compared to cells treated with 
transfection reagent alone.  Error bars are the mean ± SD of biological duplicates. 

 

6.2.2 G2-M phase transition, Mitosis and CyPA 

Cells with impaired CyPA have reduced transit from G2-M phase and an unknown 

mitotic defect exhibited by increased micronuclei. Highly relevant proteins from the 

CyPA-BioID include: GWL, a key driver of mitotic transit and B55α, the regulatory 

subunit of PP2A which controls of mitotic exit. The CyPA-BioID provides a list of 

proximal proteins to CyPA, which may not necessarily be interacting directly with or via 

a mediator with CyPA. Nonetheless, I sought to verify these interactions by co-IP with 

endogenous CyPA to determine if CyPA has a possible role in mitosis here. Figure 6.2.3 

shows that GWL and B55α, co-IP with endogenous CyPA. Treatment with CSA 

abolishes these interactions, which indicates the PPI activity of CyPA is essential in 

mediating a stable interaction with GWL and B55α. 
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Figure 6.2.3 Interaction of CyPA with GWL, PP2A-B55α regulatory subunit through 
Immunoprecipitation (IP). HEK293 cell protein extracts were made from untreated (UNT) cells 
or cells following 20µM CSA treatment for 3 hours (CSA). Extracts were subjected to IP and WB 
analysis. Control IP without cell extract is loaded (Ctrl). IP using an antibody against 
endogenous CyPA. Native GWL and PP2A-B55α regulatory subunit antibody used to show co-IP 
with CyPA. 

 

 I have shown that GWL co-IPs with CyPA and inhibiting its PI activity disrupts 

this interaction. I sought to determine whether CyPA impacts upon the intercellular 

GWL activity as there could be a possible functional relationship here. I used phospho-

ENSA as readout to assess GWL kinase activation with and without CyPA inhibition 

(CSA treatment). As GWL activity is required for the transition from G2-M, cells were 

synchronised in G2 using the “Shokat” mutant engineered CDK1 ATP analogue 

sensitive U2OS (CDK1-AS U2OS) system. CDK1-AS U2OS cells contain “Shokat” mutant 

CDK1 that is selectively and highly sensitive to inhibition by the ATP analogue, 1NM-

PP1, which leads to tightly synchronised cells in G2 (Rata et al., 2018). After G2 

synchronisation, the ATP analogue was washed to rapidly remove CDK1 inhibition and 

the transition to mitosis analysed via western. Figure 6.2.4 shows an increase in 

phospho-ENSA levels an hour after release from G2 in both untreated and CSA treated 

cells. This result is expected given that pENSA is required to inhibit PP2A for the G2-M 

transition. However, there appears to be significantly higher protein levels of pENSA in 

untreated cells compared to CSA treated at the 1-hour time point under these 

conditions. This indicates that CyPA inhibition hinders the phosphorylation of ENSA 

and hence temporally regulated entry into mitosis. In untreated cells, at 2 hours 

following release the pENSA levels are lower compared to the 1-hour timepoint. These 

levels of pENSA remain similar 2, 3 and 4 hours following. This is expected as cells are 

progressing through mitosis and pENSA being dephosphorylated. On the other hand, in 
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CSA treated cells, the pENSA levels remain the same until 4 hours following release 

where it is the highest. This indicates that at this timepoint, the highest number of cells 

are transitioning from G2-M phase which is a delay in comparison to untreated cells. 

Overall this data indicates that inhibiting CyPA function hinders GWL kinase function, 

possibly leading to slower transition from G2- M phase.  

 

Figure 6.2.4 pENSA levels in CDK1-AS U2OS following G2 synchronisation and release with 
CSA treatment.  Shokat mutant engineered CDK1 ATP-analogue sensitive U2OS (CDK1-AS 
U2OS) were synchronised in G2 with 2µM 1NM-PP1 for 20 hours. Following release from G2, 
cells were treated with 20µM CSA and harvested for western blot analysis at indicated time 
points. Antibody was used against phospho- ARPP19 (Ser-62) and ENSA (Ser-67). β-tubulin is 
used as the loading control. 

 
 Given that CyPAi hinders GWL activity and ENSA phosphorylation, I 

hypothesised that less ENSA could be bound to PP2A-B55α. To assess this, I chose to IP 

native ENSA with CSA to see if it affects the interaction with to B55α. Figure 6.2.5 

shows that B55α co-IPs with ENSA under untreated and CSA treated conditions in 

HEK293 cells. Conversely, it appears as though slightly more B55α co-IPs with ENSA 

when treated with CSA, indicating that CyPA inhibition, may increase the binding of 

ENSA to B55α.  

 
Figure 6.2.5 Interaction between ENSA and PP2A-B55α through immunoprecipitation. 
HEK293 cell protein extracts were made from untreated (UNT) cells or cells following 20µM 
CSA treatment for 3 hours (CSA). Extracts were subjected to IP and WB analysis. Control IP 
without cell extract is loaded (Ctrl). IP using an antibody against endogenous ENSA. Native 
PP2A-B55α regulatory subunit antibody used to show co-IP with ENSA. 
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 It is possible that CyPA function impacts upon PP2A-B55α protein levels and 

hence difference in co-IP’d in Figure 6.2.5 . I utilised the PPIA-CRISPR panel established 

in the lab to determine protein levels of PP2A-B55α in these cells with CyPA KO or 

dysfunctional CyPA. Figure 6.2.6 shows that endogenous protein levels of the B55 α 

isoform (B55α) and total B55 isoform levels are similar in SCRAM, PPIA KO and 

KO+R55A U2OS cells. This indicates that the presence or function of CyPA does not 

impact on the protein levels of B55α. 

 
Figure 6.2.6 Endogenous levels of PP2A-B55 regulatory subunit in PPIA CRISPR U2OS panel. 
WB analysis of protein extracts from asynchronous PPIA CRISPR U2OS panel. Native antibodies 
against PP2A-B55 regulatory subunit (all isoforms or α isoform only) were used. PCNA is used 
as the loading control.  

 
I have shown that CyPAi possibly, and perhaps transiently reduces GWL activity, 

exhibited by delayed phosphorylation of ENSA, possibly hindering entry of cells from 

G2-M. I sought to further investigate the potential consequences of this by utilising the 

CDK1-AS U2OS for microscopy analysis and counting cells that have progressed from 

G2-M in the presence of CSA (Figure 6.2.7). CDK1-AS U2OS were synchronised in G2 as 

above, released from G2 inhibition and treated with or without CSA. Cells were also 

treated with the proteasome inhibitor MG-132 to prevent cell progression past 

metaphase (Zeng et al., 2010). Therefore, condensed chromosomes are indicative of 

early mitotic cells and cells with uncondensed chromosomes are G2 cells that have not 

progressed to mitosis. Figure 6.2.7A shows that there are significantly less cells 

transitioning from G2-M in CSA-treated compared to untreated cells.  This is quantified 

in Figure 6.2.7B, where untreated cells exhibit around 40% of mitotic cells in striking 

contrast to 20% mitotic cells with CSA treatment. This indicates that CyPA has a role in 

cell progression from G2-M, whereby its inhibition reduces the transition to mitosis. 
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Figure 6.2.7 CSA treated CDK1-AS U2OS exhibit impaired G2-M transit and mitotic 
catastrophe. U2OS-CDK1 Shokat engineered (ATP-analogue sensitive) cells were synchronised 
in G2 with 2µM 1NM-PP1 for 20 hours. Following release from G2, cells were treated with 
20µM CSA and 25µM MG-132 for 4 hours before being fixed for immunofluorescence (IF). DNA 
is stained with DAPI. (A) Representative IF images. Left panel untreated cells (UNT) and right 
panel is CSA treated. Mitotic cells indicated by arrows. (B) Mitotic cells from (A) quantified 
(n=156; single experiment). (C) Unusual mitotic structures in CSA treated cells, indicative of 
mitotic catastrophe. 
 

 An incidental observation from this experiment is that the CSA treated cells 

exhibit unusual mitotic structures resembling mitotic catastrophe (Figure 6.2.7C) 

(Vakifahmetoglu et al., 2008). This is not seen in any of the untreated cells. Mitotic 

catastrophe describes a type of cell death that occurs during mitosis, in response to 

premature/inappropriate entry of cells into mitosis or failure to overcome the mitotic/ 
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spindle assembly checkpoint (SAC) (Castedo et al., 2004; Vitale et al., 2011). This 

checkpoint is required to ensure that chromosomes are correctly attached to the 

spindle before mitotic progression to anaphase can occur. Failure of this SAC can lead 

to aneuploidy, whereby there is a failure in the machinery required for proper 

chromosome segregation (Simonetti et al., 2019). It is possible that CyPA also has a 

role in optimal mitotic function. There are several mitotic proteins in the CyPA-BioID 

involved in maintaining spindles, kinetochore, centrosome and microtubules, 

including: AURKA, PLK1, CENPF, INCENP, ANILIN and CHAMP1. These may explain a 

functional role of CyPA in mitosis.   

 A protein with one of the highest peptide numbers from the CyPA-BioID is 

chromosome alignment-maintaining phosphoprotein 1 (CHAMP1), which is required 

for proper alignment of chromosomes at metaphase and their accurate segregation 

during mitosis (Itoh et al., 2011). CHAMP1 interacts with mitotic arrest deficient-like 2 

(MAD2L2), also known as REV7, which has a key role in assembly of a functional 

mitotic spindle and is involved in the SAC (Gupta et al., 2018; Hein et al., 2015; 

Vermeulen et al., 2010).  

 De novo mutations in CHAMP1 cause intellectual disability with severe speech 

impairment (Hempel et al., 2015; Isidor et al., 2016; Tanaka et al., 2016). This is 

because CHAMP1 functions in kinetochore-microtubule attachment and the regulation 

of chromosome segregation, which are both essential for neurodevelopment (Hempel 

et al., 2015). Okamoto et al. show that depleting CHAMP1 in U2OS induces 

chromosome misalignment and instability of kinetochore–microtubules. These cells 

also exhibit micronuclei and frequent mitotic catastrophe likely due to defects in 

kinetochore–microtubule attachment (Okamoto et al., 2017). It can be postulated that 

CyPA and CHAMP1 have a functional relationship, and loss of CyPA activity leads to 

hindered CHAMP1 activity. This could contribute to the mitotic abnormalities seen in 

cells with CyPAi or CyPA KO.  

REV7/MAD2L2 functions outside of mitosis as a member of the shieldin 

complex, which is recruited to ssDNA overhang ends of DSBs by 53BP1 to suppress 

nucleolytic resection and promote NHEJ repair of DSBs (Ghezraoui et al., 2018). 
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CHAMP1 also binds to 53BP1, which is interesting as previous work in the lab shows 

CyPA also interacts with 53BP1 (Hein et al., 2015). CHAMP1 may also have a potential 

dual role in DNA repair which has not been explored.  

 I sought to determine whether an interaction between CyPA and CHAMP1 can 

be observed via immunoprecipitation (IP). Figure 6.2.8A shows that CHAMP1 co-IPs 

with endogenous CyPA, with CSA abolishing this interaction. The CSA finding indicates 

the PPI activity of CyPA is essential in mediating a stable interaction with CHAMP1 (See 

Figure 6.2.9).  

 
Figure 6.2.8 Interaction of CyPA, CHAMP1 and REV7/MAD2L2 through Immunoprecipitation 
(IP) in HEK293.   HEK293 cell protein extracts were made from untreated (UNT) cells or 
following 20µM CSA treatment for 3 hours (CSA). Extracts were subjected to IP and WB 
analysis. Control IP without cell extract is loaded (Ctrl).  (A) IP using an antibody against 
endogenous CyPA. Native CHAMP1 antibody used to show co-IP with CyPA. (B) IP using an 
antibody against endogenous REV7/MAD2L2. Native CHAMP1 and CyPA antibodies used to 
show co-IP with REV7/MAD2L2. 
 

 The domain organisation of CHAMP1 and associated patient mutations is 

shown in Figure 6.1.1. CHAMP1 also interacts with REV7/MAD2L2 via multiple tandem 

“WK” repeats composed of [SP-xx-WK-xx-P] whereby x is any residue (Hara et al., 
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2017). Prolyl isomerisation could impact WK motif positioning, thus influencing 

dynamic nature of CHAMP1’s interaction with REV7. Circumstantial evidence to 

support this hypothesis is that a site-directed mutation of Pro341 to Ala within 

CHAMP1 WK#4 reduces binding to REV7 (Hara et al., 2017). It is conceivable that 

disruption of CyPA isomerase activity alters the interaction between CHAMP1 and 

REV7/MAD2L2, impairing their roles in chromosome alignment and leading to a mitotic 

defect. Therefore, I investigated the impact of CyPAi on this interaction. Figure 6.2.8B 

shows that CHAMP1 co-IPs with endogenous REV7 in untreated cells and CSA treated 

cells. CyPA also co-IPs with REV7/MAD2L2, with CSA abolishing the interaction. This 

indicates that CyPAi does not abolish the interaction between REV7/MAD2L2 and 

CHAMP1 and identifies REV7/MAD2L2 as another interactor of CyPA. 

 
Figure 6.2.9 Domain organisation of CHAMP1 and patient mutations.  The domain 
organisation of CHAMP1 consists of 2 C2H2-type zinc finger motifs near its N terminus and 3 
C2H2-type zinc finger motifs near its C terminus (blue). The central region of CHAMP is highly 
proline rich and contains 16 “SPE” motifs [PxxSPExxK] (yellow), 10 “WK” motifs [SPxxWKxxP] 
(pink), and 6 “FPE” motifs [FPExxK]. Patient gene disrupting nonsense and frameshift variants 
are shown in green from: (Tanaka et al., 2016) and orange from: (Hempel et al., 2015; Rauch et 
al., 2012). Figure adapted from: (Tanaka et al., 2016).  
 

 The a.a. 271-490 on CHAMP1 mediates the interaction with REV7/MAD2L2 

(Itoh et al., 2011). I have shown that CyPAi does not affect the CHAMP1-REV7/MAD2L2 

interaction and CyPA is therefore likely to bind to CHAMP1 outside of this region. 

Isidor et al. shows that patient C-terminal truncating mutations of CHAMP1 lead to 

CHAMP1 protein variants which are unable to localise to chromatin (Isidor et al., 2016). 

In each case, the truncating mutation leads to a loss of the CHAMP1 C-terminal zinc 

fingers (a.a. 738-760), which regulates CHAMP1 localisation to chromosomes and the 

mitotic spindle (Itoh et al., 2011). It is feasible that prolyl-isomerisation of this region 

by CyPA could impact on the localisation to chromatin. I examined whether CHAMP1 
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localisation to chromatin is impaired when cells lack CyPA PI activity, which I have 

shown is associated with chromosome segregation abnormalities. To test this, I 

extracted chromatin from CyPA CRISPR U2OS panel and probed for CHAMP1 protein 

using western blot analysis. Figure 6.2.10 shows that CHAMP1 localises to chromatin at 

similar protein levels in all the CyPA CRISPR U2OS panel cells. This indicates that the 

presence of functioning CyPA does not impact on the binding of CHAMP1 to 

chromatin.  

 

Figure 6.2.10 CHAMP1 chromatin localisation in PPIA CRISPR U2OS panel. Western blot 
analysis showing the protein expression of CHAMP1 following chromatin extraction of 
indicated cell lines. Histone H4 is used as the loading control. 
 

 In this chapter, I have shown that loss of CyPA PPI activity impacts on efficient 

G2-M transition and leads to defective mitosis, but this is likely via multiple 

mechanisms. Inhibiting CyPA disrupts its interaction with PP2A-B55α and GWL 

proteins essential in the timely transition from G2-M. CyPAi also hinders GWL activity, 

a likely explanation for the G2-M transition being slowed in these cells. I have also 

shown an interaction between CyPA and CHAMP1, a protein responsible for proper 

alignment of chromosomes at metaphase. Failure of this can lead to mitotic 

catastrophe, which is seen in cells with CyPAi and could be due to CyPA regulating 

CHAMP1 function. Further work to uncover functional relationships between CyPA and 

proteins governing G2-M entry and mitosis is required and will be discussed in section 

6.4. 
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6.3 Summary  

In this chapter I have described experimental evidence to show that: 

• RB1 co-IPs with CyPA, CSA abolishes this interaction  

• CDK2 co-IPs with CyPA, CSA does not abolish this interaction  

• PCNA co-IPs with CyPA, CSA abolishes this interaction 

• RB1 knockdown does not selectively kill cells based on CyPA function or 

presence 

• GWL co-IPs with CyPA, CSA abolishes this interaction  

• B55α co-IPs with CyPA, CSA abolishes this interaction 

• CSA treatment delays the phosphorylation of ENSA when cells are released 

from G2 synchronisation, indicating impaired GWL kinase activity 

• CSA treatment may increase the protein levels of B55α co-IP’d with ENSA 

• CyPA CRISPR cell panel does not have different protein expression levels of 

B55α 

• CSA treated cells exhibit impaired G2-M transit and mitotic catastrophe 

• CHAMP1 co-IPs with CyPA, CSA abolishes this interaction 

• CSA does not affect the interaction between REV7 and CHAMP1 

• CyPA co-IPs with REV7, CSA abolishes this interaction 

• CHAMP1 localises to chromatin independently of CyPA presence or isomerase 

activity 
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6.4 Discussion 

Previous work in the lab showed that cells with loss of CyPA activity exhibit impaired 

G1-S and S-phase transit. In this chapter, I have shown that RB1, a key regulator of G1-

S phase transit, co-IPs with CyPA (Figure 6.2.1). This is consistent with work by Cui et 

al. showing a direct interaction between RB1 and CyPA (Cui et al., 2002). I also show 

that treatment with CSA abolishes the RB1-CyPA interaction (Figure 6.2.1). This 

contrasts with work by Cui et al. showing that RB1 binds to CyPA outside of the CSA 

binding domain. However, the RB1-CyPA direct interaction was not tested in the 

presence of CSA. It is feasible that CSA impacts on CyPA structure which disrupts the 

interaction with RB1. Cui et al. also shows that RB1 overexpression reduces the 

immunosuppressive activity of CSA and suggests RB1 binding to CyPA disrupts CyPA-

CSA interaction and hence ability of CyPA-CSA to inhibit CN (Cui et al., 2002). In 

contrast, I show that the interaction between endogenous CyPA and RB1 is abolished 

in cells treated with CSA, indicating that RB1 does not disrupt the interaction between 

CyPA and CSA under these conditions. It is possible that the CyPA-CSA interaction is 

disrupted by ectopic RB1 overexpression, as seen by Cui et al., rather than endogenous 

levels of RB1 which would explain the divergence in results. Irrespective of this, the 

CyPA interaction with RB1 exists and a functional relationship can exist here. It is 

possible that CyPAi/loss can influence the phospho-status of RB1 and hence 

progression from G1-S. This hypothesis is feasible given that another prolyl isomerise, 

PIN1 binds to RB1 to promote transition from hypo-phospho-RB1 to hyper-phospho-

RB1, influencing G1-S progression (Gallo and Giordano, 2005; Rizzolio et al., 2013; 

Rizzolio et al., 2012). Further work would be to determine if CyPA function impacts on 

phospho-RB1 status. This can be tested by western blot analysis using antibodies 

directed against hypo-phospho-RB1 (CDK4/6 phospho-sites) and hyper-phospho-RB1 

(CDK2 phospho-sites) in cells with deficient and functional CyPA activity. 

 I have also shown that CDK2, the kinase responsible for RB1 hyper-

phosphorylation, co-IPs with CyPA (Figure 6.2.1). This co-IP could be due to indirect 

interaction via RB1. However, treatment with CSA does not disrupt the CyPA-CDK2 

interaction, unlike the CyPA-RB1 interaction. If the CyPA-CDK2 interaction is indirect 
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via RB1, it would be expected that CSA treatment would also disrupt this interaction in 

a similar way to RB1 interaction. It is possible that CyPA binds to CDK2 independently 

to RB1 interaction to promote activity and hyper-phosphorylation of RB1 in a dual 

mechanism to increase transition from G1-S phase. Further work would be to 

determine if this interaction is direct by in vitro assays using recombinant proteins. 

 Eckstein et al. showed that CSA directly induces apoptosis in patient-derived 

retinoblastoma cells without functioning RB1 (Eckstein et al., 2005). In contrast, I 

found that CyPA KO cells are not selectively killed following RB1 depletion (Figure 

6.2.2). Although the siRNA targeting RB1 depletes protein levels in this experiment, it is 

not completely eliminated and there is residual RB1. It is possible that a complete 

genetic RB1 knockout is required for SnL with CyPAi. Another explanation could be that 

RB1 levels are transiently depleted and cells could recover levels over the 2-week 

clonogenic plating period. It is also possible that toxicity of RB1-defective cells is to CSA 

specifically rather than depleting CyPA protein. For example, it could be through 

inhibiting CN function rather than function of CyPA alone. NIA of CSA which inhibit the 

CyPs but do not inhibit CN can be tested on RB1-defective cells to determine if toxicity 

is through CN inhibition. CSA also inhibits many members of the CyPA family, and this 

may provide another explanation for CSA toxicity. To test whether this is CyPA PPI 

activity specific, siRNA targeting CyPA in RB1-defective cells can be utilised to 

determine if selective toxicity. Furthermore, perhaps retinoblastoma cancer cells 

present additional contributing mutations that influence CyPAi sensitivity compared to 

U2OS cells. Loss of both RB1 alleles can initiate retinoblastoma tumour development, 

however, there are many co-associated driver mutations that are likely needed for 

retinoblastoma tumour progression. There is mounting evidence implicating the 

following genes as drivers in retinoblastoma progression: copy number gains in 

oncogenes MDM4, MYCN (2p24), KIF14 (1q32), DEK and E2F3 (6p22) and loss of 

tumour suppressor gene, CDH11 (16q22-24) (Thériault et al., 2014). Interestingly, I 

have shown in Chapter 5 that a MYCN-driven cancer can be selectively killed with CSA 

treatment. Nevertheless, a direct interaction between CyPA and RB1 exists, with CyPAi 

disrupting this interaction. Therefore, uncovering a functional relationship could have 

therapeutic implications for cancers with CyPA overexpression or RB1 deficiency.  
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 I have shown that PCNA co-IPs with CyPA, and CyPAi abolishes this interaction 

(Figure 6.2.1). Given the key roles of PCNA in replication, a functional relationship 

between CyPA and PCNA could explain the S-phase transit defect in cells lacking CyPA 

function. Further work would be to determine if this interaction is direct by in vitro 

assays using recombinant proteins. An important determinate for PCNA binding is 

through the PCNA-interacting protein (PIP) box which has a core consensus sequence 

[-Q-x-x-I/L/V-] where x is any residue (Maga and Hübscher, 2003). Interestingly, the 

CyPA aa111-114 ([-Q-F-F-I-]) sequence is reminiscent of a core PIP box. If a direct 

interaction between PCNA and CyPA is observed, further work would be to determine 

if deletion or mutagenesis of the PIP box sequence on CyPA affects its binding with 

PCNA. Rather than being a direct CyPA target, PCNA may serve as a conduit bringing 

CyPA into contact with physiological substrates at the site of replication and/or repair 

synthesis. Present in the CyPA-BioID as a possible CyPA interactor is DNA ligase 1 which 

has key roles in DNA replication and long-patch BER (Levin et al., 1997; Wallace, 2014). 

DNA ligase I binds to PCNA, and inactivation of the PCNA-binding site severely 

compromises the ability of DNA ligase I to join Okazaki fragments, perturbing DNA 

replication (Levin et al., 2000). It is feasible that CyPA isomerase activity is required to 

mediate the interaction between PCNA and DNA ligase I, hence loss of CyPA activity 

hinders replication and S-phase progression. To test this, the interaction between 

PCNA and DNA Ligase I can be assessed by IP in the presence of absence of CyPAi. 

 Previous work in the lab showed that transition from G2-M is hindered in cells 

lacking CyPA PPI activity (Figure 6.1.6). GWL and PP2A have key roles in regulation of 

mitotic entry and exit. I have shown that CyPA co-IPs with GWL and the B55α 

regulatory subunit of PP2A, with CyPAi abolishing these interactions (Figure 6.2.3). 

Interestingly, I have also shown that cells treated with CSA exhibit a delay in 

phosphorylation of ENSA, the key target of GWL kinase (Figure 6.2.4). This indicates 

that CyPA function is required for timely GWL activity. Furthermore, I show that cells 

treated with CSA following synchronisation and release from G2, exhibit significantly 

lowered transition to mitosis compared to untreated cells (Figure 6.2.7). This further 

supports the model that functional CyPA is required in optimal transition from G2-M. It 

can be speculated that CyPA binds directly to GWL, increasing its kinase activity, and 
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hence promoting entry to mitosis. Alternatively, CyPA binding to B55α regulatory 

subunit of PP2A could directly negatively influence its phosphatase activity. This would 

result in less GWL being dephosphorylated by PP2A and an increase in GWL kinase 

activity.  

 

Figure 6.4.1 CyPA interacts with GWL and PP2A which counteract each other for G2-M 
progression.  Active CycB-CDK1 promotes cell cycle progression into mitosis by phosphorylating 
mitotic substrates. The phosphatase PP2A-B55α (B55) counteracts the kinase activity of CycB-
CDK1 and dephosphorylates its substrates, therefore counteracting progression to mitosis. 
CycB-CDK1 phosphorylates Greatwall kinase (Gwl) which phosphorylates ENSA. Phospho-ENSA 
can bind to PP2A-B55α, inhibiting its activity. CyPA interacts with Gwl and PP2A-B55α; CSA 
(CyPAi) abolishes these interactions and leads to a reduction of Gwl kinase activity, hindering 
mitotic progression. Figure adapted from: (Hégarat et al., 2014). 

 
 Whether the cell has functional CyPA does not impact on PP2A- B55α levels 

(Figure 6.2.6), however, inhibiting CyPA with CSA appears to increase PP2A- B55α 

protein levels co-IP’d with ENSA (Figure 6.2.5). If CyPA inhibition increases the 

phosphatase activity of PP2A as theorised above, it is possible that more PP2A is 

bound to GWL and by association ENSA which would explain the IP result. However, as 

this experiment was only conducted once, it would need to be repeated to eliminate 

the possibility of experimental error. For example, the western blotting gel could have 
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been misloaded which would give the appearance of different protein levels. To 

determine if CyPA impacts on PP2A activity, further work would be to directly measure 

the phosphatase activity of PP2A-B55α by determining the phospho levels of its direct 

substrate pPRC1 (Cundell et al., 2013). PP2A-B55α dephosphorylates pPRC1 on 

phospho-Thr481, to which an antibody against is available from Epitomics (cat: 2189-1) 

(Cundell et al., 2013). Therefore, PP2A-B55α activity in the presence of CSA/CyPAi can 

be examined by western blot analysis. The activities of GWL and PP2A are tightly 

controlled and it is conceivable that CyPA directly binds to GWL and PP2A-B55α to 

regulate their activity. Future work would be to determine if these interactions are 

direct by in vitro assays using recombinant proteins and then to determine target 

proline for isomerisation by mutagenesis. 

 Work by Kalev et al. presents a role of PP2A-B55α in DNA repair. Its loss impairs 

HR which is exhibited by reduced RAD51 foci formation and increased sensitivity to 

PARP inhibitors although, no molecular mechanism was defined (Kalev et al., 2012). 

This is particularly interesting given that the error-free gene conversion pathway of HR 

and RAD51 foci formation is impaired when CyPA is inhibited and CyPA knockdown 

cells are sensitive to Olaparib. Additionally, loss of PPP2RA, encoding B55α, and CyPA 

overexpression are both frequently seen in non-small cell lung carcinomas (NSCLC), 

indicating a possible reciprocal relationship here in NSCLC pathogenesis (Guo et al., 

2018; Kalev et al., 2012). Overall, these correlations further support the involvement of 

CyPA in PP2A-B55α function, possibly acting in multiple pathways of cell cycle 

transition and DNA repair. PP2A is a key tumour suppresser that is functionally 

inactivated in many cancers through several mechanisms including: somatic mutations, 

phosphorylation and/or methylation of the C terminal tail of the catalytic subunit and 

through increased expression of endogenous PP2A inhibitors The most overexpressed 

endogenous inhibitor of PP2A in cancers is SET (Sangodkar et al., 2016). FTY720 

(Fingolimod/Gilenya®) is a compound which specifically activates PP2A through the 

inhibition of SET (Sangodkar et al., 2016). Activation of PP2A, through FTY720 

treatment, has been advocated as a cancer therapeutic by inhibiting uncontrolled cell 

proliferation (O'Connor et al., 2018). Indeed, FTY720 exerts anti-tumour activity in 

many cancers including: breast, hepatocellular carcinoma, glioblastoma, and multiple 
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myeloma models (Li et al., 2012; Liu et al., 2019; Yasui et al., 2005; Zhang et al., 2014). I 

propose the use of FTY720 to test if cells with impaired CyPA are selectively sensitive 

to increased PP2A-B55α (Yang et al., 2012). This is with the aim of uncovering a 

possible exploitable SnL interaction which has implications for cancers with CyPA 

overexpression or loss of PP2A activity.  

 I show that cells treated with CSA possibly exhibit mitotic catastrophe (Figure 

6.2.7). Mitotic catastrophe can result from a plethora of aberrant mitotic processes 

(Castedo et al., 2004; Vitale et al., 2011).  It is possible that in addition to a role in 

timely G2-M transition, CyPA also has a role within mitosis, although the exact role can 

only be speculated at this point. Yoon et al.  showed that GWL expression correlates 

with tumorigenesis and that inhibiting GWL promotes mitotic catastrophe in breast 

cancer cells (Yoon et al., 2018). It is feasible that inhibiting CyPA function causes 

impaired GWL function resulting in the mitotic catastrophe seen.  

 I have shown that CHAMP1, which is a key factor for proper kinetochore-

microtubule attachment and the regulation of chromosome segregation, co-IPs with 

CyPA, with CyPAi abolishing this interaction (Figure 6.2.8). Okamoto et al. show that 

depleting CHAMP1 in U2OS induces chromosome misalignment and instability of 

kinetochore–microtubules (Okamoto et al., 2017). These cells also exhibit micronuclei 

and frequent mitotic catastrophe likely due to defects in kinetochore–microtubule 

attachment (Okamoto et al., 2017). Previous work in the lab shows cells lacking CyPA 

function to have increased micronuclei, which is indicative of chromosomal instability. 

Micronuclei can arise from problems in acentric chromosome fragments or incorrect 

segregation of chromosomes in anaphase due to incorrectly attached spindles (Fenech 

et al., 2011). It is possible that CyPA and CHAMP1 have a functional relationship, and 

loss of CyPA activity leads to hindered CHAMP1 activity. This would explain the 

increased micronuclei and mitotic catastrophe seen in cells with CyPAi or CyPA KO. 

 CyPAi does not affect the interaction between CHAMP1 and its known 

interactor REV7/MAD2L2, which functions in the mitotic spindle assembly checkpoint 

(SAC), translesion synthesis (TLS) and in DSB resection (Sale, 2015). I have also shown 

that CyPA PPI activity does not affect the retention of CHAMP1 on chromatin (Figure 
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6.2.10). However, this was tested in asynchronous cells and whether CyPA effects 

CHAMP1 localisation on the chromatin in mitosis needs to be tested. Further work 

would be to use GFP-tagged CHAMP1 to examine localisation onto chromosomes at all 

phases of mitosis, with and without CSA treatment and in CyPA KO cells, via 

microscopy. Future work would be to determine if the CHAMP1-CyPA interaction is 

direct by in vitro assays using recombinant proteins and then to determine target 

proline for isomerisation by mutagenesis.  

 CyPA defective or knockout cells treated with colcemid exhibit significantly less 

mitotic cells compared to cells with functional CyPA (Figure 6.1.6). Colcemid is a 

microtubule poison which depolymerises microtubules and limits microtubule 

formation, inactivating spindle fibre formation (Mukhtar et al., 2014). CHAMP1 

mediates microtuble-kinetocore attachment and inhibiting it leads to multipolar 

spindle formation (Isidor et al., 2016; Okamoto et al., 2017). If CyPA PPI activity is 

required for optimal CHAMP1 function, it is possible that loss of CyPA leads to loss of 

CHAMP1 activity. Microtubule poisons are commonly used as chemotherapeutics in 

treating cancers. These agents target cancer cells which are dividing more rapidly and 

therefore more frequently pass through stages of vulnerability to mitotic poisons. For 

example, the Taxol/Paclitaxel is one of the most important chemotherapeutics being 

widely used clinically for the treatment of ovarian cancer, breast and NSCLC (Mukhtar 

et al., 2014). Further work would be to test if CyPA KO cells are sensitive to 

microtubule poisons and if CyPAi increases the toxicity of microtubule poisons in 

cancers. There could be a SnL interaction between CyPAi and microtubule poisons, 

which could have implications for combination treatments to potentiate the anti-

cancer effect of microtubule poisons.  
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7.1 Summary 

In this thesis, I present novel insight into the impacts of CyPA inhibition and loss upon 

genome instability, DNA repair and the cell cycle and I explore the possibility of 

proposing the repurposing of CyPA inhibitors (CyPAi) for the treatment of specific 

cancers. Here I will briefly summarise my results chapters, before my final discussion. 

7.1.1 Chapter 3 

In chapter 3, I investigated the use of CyPAi for treatment of the haematological 

malignancy, multiple myeloma (MM), which is characterised by aberrant elevated 

homologous recombination repair (HR). I show that MM patients with CyPA 

overexpression exhibit poorer survival and that that inhibition of CyPA, through 

cyclosporin A (CSA) treatment, selectively kills patient-derived MM cell lines in 2D 

culture. This sensitivity is translated to a more physiologically relevant 3D culture 

method. CSA acetate, a non-immunosuppressive analogue of CSA also induces 

apoptosis in these cells, which is more clinically relevant given that 

immunosuppression would be undesired in already immunocompromised MM 

patients. I also show that MM can be exploited from a DNA damage perspective, with 

MM cells being sensitive to inhibitors of key DNA damage response (DDR) members, 

including: DNA-PKcs, MRE11, PI3K/mTOR and Topoisomerase 1. Selective combination 

treatment of these agents induces an additive killing effect. Further testing of these 

inhibitors and combinations in a wider range of MM cell lines in 3D culture and in vivo 

mouse models of MM is required. Further work would also be to test if CyPAi can 

overcome resistance to conventional MM therapies including melphalan and 

bortezomib (Robak et al., 2018). 

7.1.2 Chapter 4 

In chapter 4, I explore the functional relationship between CyPA and ILF2/NF45, a 

driver of recurrent and drug resistant MM and breast cancers. I show a novel 

interaction between NF45 and CyPA, and show that CyPAi can abolish the interaction. 

This interaction has subsequently been demonstrated to be direct. I show that NF45 

overexpression cells are highly resistant to PARPi and ionising radiation which is 

important in the context of therapy resistant breast cancers with NF45 overexpression. 
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I present a therapeutic strategy for targeting cancers with NF45 overexpression, 

whereby these cells are highly sensitive to Obatoclax, a BH3 domain mimetic that 

binds to anti-apoptotic BCL-2 family members, preventing their binding and inhibition 

of pro-apoptotic proteins. 

7.1.3 Chapter 5 

In chapter 5, I investigated the use of CyPAi for treatment of MYCN amplified 

neuroblastoma (MYCNAMP NB) which is correlated with aggressive disease and poorer 

patient outcome. The MYCNAMP induces replication stress (RS) and effects the 

expression of genome stability pathway factors. I show that CSA treatment induces 

elevated DNA damage response signalling (γH2AX) and selectively kills patient-derived 

MYCNAMP NB cells. This sensitivity is translated to a more physiologically relevant 3D 

tumour spheroid culture setting. I explored the basis of increased DDR signalling 

following CyPAi in these cells and postulated that the increased γH2AX signalling is 

likely due to activation of ATR in response to failure to repair DNA damage from RS.  

7.1.4 Chapter 6 

In chapter 6, I present preliminary data suggesting a potential role of CyPA in cell cycle 

progression. Cells deficient in CyPA display marked disruption of G1-S and G2-M 

transit. I show that CyPA interacts with RB1 and CDK2 by co-IP, which are key to G1-S 

phase transition. I also show CyPA interacting with PCNA by co-IP. In addition, I show a 

novel interaction between CyPA and proteins regulating the G2-M phase transit- GWL 

kinase and PP2A-B55α. I show that inhibiting CyPA reduces GWL activity and hinders 

G2-M transit, with cells transitioning to mitosis exhibiting mitotic catastrophe. I 

present a novel interaction between CyPA and CHAMP1, which has a role in 

maintaining correct chromosome alignment during mitosis. I also show that CyPA co-

IPs with CHAMP1’s binding partner REV7/MAD2L2 which has multiple roles functioning 

at the mitotic spindle assembly checkpoint (SAC), translesion synthesis (TLS) and in 

DSB resection. A functional relationship between CyPA and these interactors could 

explain the cell cycle defects in cells without functional CyPA. Overall, this data 

indicates that CyPA has a role in maintaining timely cell cycle transitions, the exact 

mechanisms are yet to be elucidated.  
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7.2 Discussion 

Further mechanistic insight into the roles of CyPA in genome stability can be gained 

through the cross-examination of findings between each results chapter, previous 

work from the lab and data from the literature. 

7.2.1 CyPAi and sensitivity of cancers with increased replication stress 

CSA treatment results in DNA breaks in cells that have traversed S-phase (O'Driscoll 

and Jeggo, 2008). This indicates that the DNA damage arising from CyPAi occurs during 

DNA replication, suggesting a role of CyPA in prevention or repair of replication 

associated damage. Supporting this model, I have shown in chapter 3 and 5 that 

cancers with genome instability due to high replication stress (RS) are highly sensitive 

to CyPAi (MM and MYCNAMP NB). Hideshima et al. reported increased RS in MM 

marked by increased levels of p-ATR and p-CHK1 and RPA foci (Hideshima et al., 2013). 

Previous work in the lab (unpublished) and work by Herrero et al. shows that MM cells 

are sensitive to ATR inhibition (Herrero and Gutierrez, 2017). ATR functions to activate 

the DNA damage response (DDR) in the presence of damage induced from RS (Flynn 

and Zou, 2011). MYCNAMP NB exhibit dependency on CHK1, the downstream effector 

kinase of ATR, likely due to oncogene-driven replication stress disrupting replication 

regulation and inducing DNA damage (Cole et al., 2011). I have shown in chapter 5 that 

a NB cell line with normal MYCN amplification status but with an oncogene NRAS 

mutation leading it to be constitutively active is also sensitive to CSA treatment. 

Furthermore, CSA induces apoptosis in retinoblastoma cells which are driven by loss of 

tumour suppressor RB1 (Chan et al., 1996; Eckstein et al., 2005). RB1 transcriptionally 

regulates uncontrolled cell proliferation through its inhibition of cell cycle progression. 

Hence, the loss of RB1 activity is common in several cancers to drive tumorigenesis, 

having a similar outcome on cell proliferation as oncogene activation. Together, this 

data indicates that CyPAi is selectively toxic to cancers with increased replicative 

stress, such as cancers with oncogene activation/loss of tumour suppressor leading to 

an increased burden on replication machinery (Figure 7.2.1). Therefore, it may be 

possible to use CyPAi as a selective treatment in other oncogene-driven cancers, such 
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as such as KRAS-, HRAS- and receptor/cytoplasmic tyrosine kinase receptor- driven 

cancers (Hobbs et al., 2016; Takeuchi and Ito, 2011). 

 

 

Figure 7.2.1 Schematic model of CyPA inhibition in the context of cancers with high 
replication stress.  

 

7.2.2 CyPA and DNA repair  

In addition to causing DNA damage, in chapter 1 I have described previous work from 

the lab showing CyPAi to hinder optimal homologous recombination (HR) repair. CSA 

treatment reduces the high-fidelity gene conversion (GC) repair pathway of HR and 

increases the error-prone HR pathways such as single strand annealing (SSA) and sister 

chromatid exchange (SCE), which is likely the cause of increased chromosomal breaks 

and fusions in cells following CSA treatment. In addition, CyPAi is highly toxic to HR 

defective cells (Xrcc3-defective). RS can hinder the progression of the replication fork, 

leading to DNA damage such as single-stranded DNA (ssDNA) lesions or double-strand 

breaks (DSBs). Here, sub-pathways of HR are pivotal in repairing this damage (Ait 

Saada et al., 2018). The HR machinery functions in multiple genetically distinct 

mechanisms to maintain genome stability in the face of RS. This includes the 
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protection, remodelling, and repair of replication forks (Ait Saada et al., 2018). It can 

be deduced that CyPA has a role in HR here to resolve replication associated DNA 

breaks, perhaps at stalled replication forks, and hence its inhibition can cause 

unresolved DNA breaks, leading to genome instability. However, the exact role of CyPA 

at the replication fork can only be speculated at this point and is likely to function in 

multiple pathways to maintain genome stability. 

 Evidence to support the role of CyPA in HR at sites of fork stalling lies with its 

interactions with many components of DNA repair and DNA replication. I and Naryzhny 

and Lee have shown an interaction between CyPA and PCNA, a central platform for 

coordinating many replication-associated processes (Mailand et al., 2013) (Naryzhny 

and Lee, 2010). In response to RS, PCNA mediates the ubiquitination of H2AX by 

HUWEI which promotes the phosphorylation of H2AX by ATR (Choe and Moldovan, 

2017). This begins the DDR cascade which allows the recruitment of downstream 

effector proteins, including 53BP1 and BRCA1 (Ward and Chen, 2001). Previous work in 

the lab has shown interactions between CyPA and 53BP1 (direct interaction) and 

BRCA1 (unpublished; E.Outwin).  

 BRCA1 mediates the HR pathway to repair damage at the replication fork 

(Figure 7.2.2) (Zhang, 2013). Key to the HR repair pathway is the loading of RAD51 to 

ssDNA at resected DSBs or at ssDNA lesions formed during replication. This forms a 

nucleofilament which is able to direct strand invasion onto the sister chromatid and 

search for a homologous sequence for recombination to occur (Hartlerode and Scully, 

2010). Following recombination, the BLM helicase functions in HR to resolve double-

Holliday Junctions, leading to non-crossover HR products (Chu and Hickson, 2009). 

Interestingly, previous work in the lab shows that CyPAi impairs IR-induced RAD51 and 

BLM foci formation (unpublished; E. Outwin). Loss of BLM leads to increased SCEs, 

which our lab has shown are increased in cells treated with CyPAi (Chu and Hickson, 

2009). Furthermore, RAD51 mediates strand invasion inhibiting SSA, which is also 

increased in cells treated with CyPAi (Bhargava et al., 2016). It can be reasoned that 

CyPA is involved maintaining optimal HR, and with its inhibition, there is a 

compensatory increase in error-prone HR such as SSA and SCEs.   
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Figure 7.2.2 Homologous recombination of DNA damage at replication forks.  Following 
stalling of the replication fork due to perturbations, cleavage of the fork by endonucleases can 
occur to form a one-sided DSB (red arrow in A and B). The DSB can be repaired using the sister 
chromatid as a template in the canonical HR pathway. Lagging strand in green; leading strand 
in black. (A) A single Holliday Junction is formed which can be resolved in the orientation 
shown (orange arrows), resulting in a SCE. (B) At two converging replication forks, the 
endonuclease can cleave the replication fork to create two end DSBs which trigger HR to form a 
dHJ. This can be cleaved by nucleases or resolved by BLM to create crossover or non-crossover 
products. (C) ssDNA lesions on the leading strand can also be repaired by HR. Here, no DSBs are 
created and the leading strand invades the lagging strand, post-replication. Figure from: 
(Zhang, 2013). 

 
 Another mechanism of the HR machinery functioning in the response to 

replicative errors is through fork protection (FP) of the replication fork (Figure 7.2.3). 

When the replication fork is perturbed by blockages (strand breaks or covalently 

bound lesions), mechanisms to overcome this is to remodel and protect the replication 

fork, allowing for a stress signal to halt the cell cycle and allow fork restart following 

DNA repair. Fork stabilisation in response to RS frequently occurs through the reversal 

of the replication fork. In reversed forks, the regressed arm of the nascent DNA 

resembles a DSB with a single-ended overhang (Quinet et al., 2017). Protection of this 
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regressed arm is required to prevent aberrant and unrestricted nucleolytic cleavage. 

This can be protected by many components of the HR pathways, including RAD51 

which to a nucleofilament and prevent excessive resection from occurring. Loss of 

these FP mechanisms can lead to uncontrolled resection by nucleases and an increase 

in error-prone HR pathways such as SSA (Feng and Jasin, 2017). This is consistent with 

the phenotypes of CyPAi and CyPA might also function in a FP mechanism.  

 
Figure 7.2.3 Schematic of fork reversal and protection at stalled replication forks.  Replication 
fork perturbations can lead to fork reversal which is promoted by RAD51 recombinase and DNA 
translocases. In reversed forks, the regressed arm of the nascent DNA resembles a DSB with a 
single-ended overhang, which is protected by fork protection (FP) factors (red proteins). In the 
absence of FP, this overhang can be degraded by various nucleases, causing replication fork 
degradation and loss of protection. Proteins promoting RF degradation are in green. Different 
pathways regulate nuclease recruitment to stalled forks, as indicated. Prevention of MRE11-
mediated fork degradation requires RAD51, which is facilitated by HR-Fanconi anaemia 
proteins (RADX antagonises this). Thus, RAD51 both promotes and prevents fork degradation, 
at the steps of fork reversal and through the formation of stabilised filaments respectively. 
Figure adapted from: (Feng and Jasin, 2017). 
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 Controlled degradation of regressed arm at reversed forks is required for fork 

restart (Feng and Jasin, 2017). A small nuclease siRNA knockdown screen conducted in 

the lab on CyPA knockdown (shCyPA) cells (outlined in chapter 1) may provide further 

insight into which nucleases are involved in uncontrolled resection in these cells. 

Targeting the nucleases CtIP, GEN1, MRE11, DNA2 and MUS81 with siRNA was toxic to 

shCyPA cells. Nucleases that did not selectively kill shCyPA cells when targeted with 

siRNA include: EXO I, FEN1 and SLX4, indicating these may function in an epistatic 

pathway to CyPA. Previous work in the lab also shows that CyPAi is profoundly toxic to 

Xrcc3-deficient CHO cells, at a similar magnitude to PARPi (see chapter 1). XRCC3 is a 

RAD51 paralog, which is involved in FP. XRCC3 may possibly function in an analogous 

FP pathway to CyPA, and hence inhibiting both leads to synthetic lethality. PARP1 

mediates MRE11 requirement to degrade the regressed arm at reversed forks for fork 

restart. shCyPA cells are also sensitive to PARPi and MRE11i (shown in chapter 1). It 

can be hypothesised that loss of FP coupled with CyPAi is an exploitable synthetic 

lethality relationship. It may be possible to inhibit CyPA in the context of loss of fork 

protection/recovery to target specific malignancies. 

 53BP1 is also implicated to have role in protecting replication forks in the 

response to RS (Her et al., 2018; Xu et al., 2017). 53BP1 promotes the NHEJ repair of 

DSBs by counteracting end-resection and BRCA1-mediated HR repair (Daley and Sung, 

2014). Cells defective in NHEJ (LIG4 syndrome) are hypersensitive to CyPAi (O'Driscoll 

and Jeggo, 2008). Work in the lab shows co-IP of 53BP1 with CyPA (E. Outwin; 

unpublished). CyPA could therefore have an additional role in DNA repair here. 53BP1 

suppresses nucleolytic resection of DNA termini through end-protection involving RIF1 

(present in the CyPA-BioID). RIF1 recruits REV7/MAD2L2, a member of the end 

protection complex known as Shieldin. Shieldin is essential to block resection, with a 

loss of the complex leading to impaired NHEJ and hyper-resection (Ghezraoui et al., 

2018). I have shown in chapter 6 that CyPA interacts with REV7/MAD2L2 and its 

binding partner CHAMP1, which have dual roles in mitosis (Sale, 2015). CHAMP1 also 

interacts with 53BP1 (Hein et al., 2015). 
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 I have shown in chapter 4 that a direct novel interaction between NF45 and 

CyPA exists. Silencing ILF2 (NF45) activates DDR signalling, reduces optimal DNA repair 

and impairs DNA replication (Guan et al., 2008; Shamanna et al., 2011). NF45 interacts 

with DNA-PK and is thought to increase its efficacy in NHEJ in vitro (Ting et al., 1998). 

Nonetheless, the precise role of NF45 in genome stability is not thoroughly 

understood. NF45 is also present in the interactomes of 53BP1, MDC1 and BRCA1 

(Gupta et al., 2018). These are key players involved in the co-ordination of DNA end 

resection to favour either NHEJ or HR. MDC1 is recruited to γH2AX in response to DNA 

damage, which functions as a scaffold for the key ubiquitin ligases required for 

chromatin ubiquitylation events forming docking sites for downstream signalling 

effectors of DSB repair, including BRCA1 and 53BP1 (Blackford and Jackson, 2017). In 

chapter 4 I show that NF45 is implicated in resistance to DNA damaging agents possibly 

by increasing efficiency of DNA repair, which could be through its interaction with 

DNA-PK. Furthermore, NF45 overexpression cells exhibit an increase in HR efficiency 

and NF45 could be involved in favouring HR over NHEJ to repair DNA breaks in an 

error-free repair pathway (Marchesini et al., 2017). Given that CyPA interacts directly 

with NF45 and inhibiting its prolyl isomerase activity abolishes this interaction, it is 

possible that CyPA impacts on NF45 function. CyPA and NF45 share many interactors 

key to the DDR (Figure 7.2.4). However, the exact roles of NF45 and CyPA here can 

only be speculated, and whether CyPA’s role in DNA-repair is exclusively through its 

NF45 interaction or whether they also function in DNA repair independently, is 

unknown. It is possible that CyPA binds to NF45 and isomerases proline residues which 

causes a structural change in NF45, increasing its activity or ability to bind to members 

of the DDR. Future work would be to determine target proline for isomerisation by 

mutagenesis and if this affects the DDR interactome of NF45 through co-IP 

experiments.   

 Overall, these novel findings directly place CyPA amongst important DSB 

processing and repair factors, representing a novel addition to the DSB repair 

landscape. However, the exact mechanistic role of CyPA here is yet to be elucidated. 
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Figure 7.2.4 Summary schematic of the interactors of CyPA and NF45 involved in the DNA 
damage response. 
 

7.2.3 CyPA and the cell cycle  

Many cancers are reported to exhibit CyPA overexpression, yet, how this favours the 

cancer phenotype is unknown. Cells without functional CyPA or inhibited CyPA exhibit 

hindered cell cycle transition, especially in transition from G1-S and G2-M (outlined in 

chapter 6). It is feasible that CyPA overexpression drives cancer cells through the cell 

cycle, increasing uncontrolled proliferation, a hallmark of cancer. Although, the effects 

of overexpressing CyPA on the cell cycle would also need to be tested to confirm this 

hypothesis. 

 PP2A is a tumour suppressor which is functionally inactivated in many cancer 

types (Ruvolo, 2016). In chapter 6, I have described a possible functional relationship 

between CyPA and PP2A, whereby CyPA is likely to increase GWL activity and 

sequentially decrease PP2A activity. It can therefore be postulated that that CyPA 

overexpression is analogous to PP2A function loss, driving tumour cells through the 

cell cycle.  
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 Hepatocellular carcinoma (HCC) is one of the cancers exhibited by increased 

CyPA expression and Gong et al. showed that this correlates with HCC disease 

progression and increased G1-S transition (Gong et al., 2017). CDK2 is responsible for 

G1-S transition through hyper-phosphorylation of RB1, allowing inhibitory release of 

E2F to transcribe S phase genes. CDK2 inhibition is associated with selective kill of 

MYCNAMP NB (Molenaar et al., 2012). I have shown that MYCNAMP NB is also selectively 

killed by CyPAi. Given that I have shown a novel interaction between CyPA and CDK2 

and a direct interaction between RB1 and CyPA has previously been described, it is 

possible that an epistatic interaction exists here. It is feasible that CyPA’s interaction 

with CDK2 increases its kinase activity and its duel interaction with RB1. This is feasibly 

given that PI activity of another prolyl isomerase, PIN1 increases the phosphorylation 

state of RB1, promoting progression to S phase (Gallo and Giordano, 2005; Rizzolio et 

al., 2013; Rizzolio et al., 2012). 

7.2.4 Concluding remarks 

This thesis identifies novel roles for the prolyl-isomerase activity of CyPA in mediating 

genome stability at several levels. CyPA inhibition induces DNA breakage and hinders 

optimal DNA repair in the context of replication induced damage. Additionally, CyPA 

inhibition causes marked disruption of cell cycle phase transitions. These features 

make CyPA an appropriate candidate for inhibition in cancers with increased 

replicative stress and dysregulated cell cycle transitions. Therapy failure and off-target 

induced morbidities remain significant hurdles with current long-established DNA 

damaging cancer treatments. Hence, better targeted and personalised precision 

treatment strategies are urgently required.  

 CyPA inhibitors are clinically established and well-tolerated in patients. The 

immunomodulatory cyclic peptide, CSA, is widely used in preventing organ rejection in 

transplantation surgery (Laupacis et al., 1982; Tedesco and Haragsim, 2012). Potent 

non-immunomodulatory CSA analogues and CyPA inhibitors exist and are currently 

being explored as anti-virals in HIV and pan-genotypic Hepatitis C antivirals (e.g. 

Alioporvir/Debio-025, MIN-811, SCY-635 and multiple Sanglifehrin A derivatives), being 

well tolerated in clinical trials (Daelemans et al.; Flisiak and Parfienniuk-Kowerda, 
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2012; Steadman et al., 2017; Watashi, 2010b). Alisporivir is a NIAs of CSA currently in 

phase 3 clinical trials for the treatment of Hepatitis C (see NCT02753699 and 

NCT01318694 from https://clinicaltrials.gov/ accessed: August 2019). This provides 

evidence for the successful repurposing of CyPA inhibitors. 

 Drugs in oncology have the lowest probability of reaching FDA approval, with 

the success rate for new drugs from phase 1 to FDA approval in the USA from 2003-

11 was a dismal 6.7% (Hay et al., 2014). Hence, drug repurposing is important as it can 

significantly cut development and time costs (Pantziarka et al., 2015). For example, in 

1998 Celgene successfully repurposed the infamous drug thalidomide for treatment of 

leprosy and in 1999 as a novel treatment against the blood cancer, multiple myeloma 

(McCabe et al., 2015; Teo et al., 2002). In 2017 the thalidomide analogue 

Revlimid/lenalidomide represented 78% of Celgene’s $12.9 billion annual sales 

(Celgene, 2018). Successful repurposing can dramatically shorten the protracted 

timescale of the journey from drug discovery through clinical trials and ultimately to 

clinical application (Strittmatter, 2014). It can also represent a significantly cheaper 

route to a new therapy (Strittmatter, 2014).   

 The findings from this thesis may have clinical implications for the potential 

repurposing of existing non-immunomodulatory CyPAi as a targeted therapeutic for 

specific cancers. 

 

https://clinicaltrials.gov/
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