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ABSTRACT 

Human MOB2 (hMOB2) is a member of the highly conserved MOB protein 

family. MOBs have essential functions as regulators of diverse signalling 

pathways. In this regard, a recent genome wide screen for novel players in 

the DNA damage response (DDR) suggested hMOB2 as a potential 

candidate awaiting validation of its potential role in the DDR. Therefore, as 

the DDR is critical to maintain genomic integrity and to prevent 

tumorigenesis, my PhD project focused on understanding the involvement of 

hMOB2 in the DDR. Significantly, we found that in normal growth conditions 

hMOB2 is required to prevent the accumulation of unrepaired DNA double-

strand breaks (DSBs) in untransformed proliferating human cells. hMOB2 

supports cell cycle checkpoint activation, DDR signalling, and cell survival 

upon exposure to exogenously induced DNA damage. Surprisingly, these 

novel functions of hMOB2 appear to be linked with the MRE11-RAD50-NBS1 

(MRN) complex, since hMOB2 interacts with RAD50 and supports the 

recruitment of the MRN and activated ATM to damaged chromatin. Equally 

important, hMOB2-deficient cells display impaired DSB repair by homologous 

recombination repair (HRR) as judged by GFP-recombination assays and 

RAD51 foci formation. Remarkably, hMOB2 knockdown compromises PLK1-

mediated phosphorylation of RAD51, which is significant for ssDNA-RAD51 

nucleofilament stabilisation. Strikingly, our research further revealed that 

defective HRR due to hMOB2 knockdown may provide a novel translational 

approach for future clinical studies. Notably, hMOB2 knockdown sensitises 

human tumour cells to inter-strand crosslinking (ICL) chemotherapeutics and 

poly (ADP-ribose) polymerase (PARP) inhibitors. Considering further that the 

human MOB2 gene appears to display loss of heterozygosity in more than 

50% of testicular, bladder, cervical, ovarian and lung carcinomas, our 

findings cumulatively propose that hMOB2 expression may be considered as 

a candidate biomarker in the evaluation for targeted therapies of cancer with 

defective HRR.        
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Chapter 1 Introduction  

1.1 The Hippo signalling pathway 

The Hippo signalling pathway is a tumour suppressor cascade participating 

in the coordination of tissue growth and homoeostasis (Yu and Guan, 2013, 

Yu et al., 2015, Meng et al., 2016). In mammalian cells, the Hippo signalling 

pathway has multidirectional signal transmission mechanisms governed by a 

group of proteins forming the kinase core of the signalling pathway. Briefly, 

as illustrated in Figure 1.1, members of the MST protein kinase family 

(mammalian Ste20-like serine/threonine) are responsible for the 

phosphorylation-mediated activation of NDR/LATS (NDR1/2: nuclear Dbf2-

related and LATS1/2: large tumour suppressors) protein kinases (Chan et al., 

2005, Vichalkovski et al., 2008, Hergovich et al., 2009, Tang et al., 2015). In 

addition to the MST kinases, members of the Ste20-like MAP4K family have 

recently been reported to function as upstream kinases of NDR1/2 

(Selimoglu, 2014) and LATS1/2 (Meng et al., 2015, Zheng et al., 2015). The 

NDR/LATS kinases maintain the signalling process by activating downstream 

signal transduction factors, such as negative regulation of the YAP (Yes-

associated protein) proto-oncogene and TAZ protein (transcriptional co-

activator with PDZ-binding motif) (Zhao et al., 2007, Dong et al., 2007, Zhang 

et al., 2015). In addition, protein-protein interactions (PPI) of NDR kinases 

with members of the MOB (Mps one binder) protein family have been 

reported to be required for a full activation of NDR/LATS protein kinases 

(Hergovich, 2011).   
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Figure 1.1 

The general scheme of NDR/LATS kinase signalling in humans.       

Members of the MST1/2 protein kinase family activate the NDR/LATS protein 

kinases by phosphorylation. This process is supported by PPIs between NDR/LATS 

and the hMOB1 protein which is defined as an activator element of NDR/LATS 

regulation. In contrast to hMOB1, hMOB2 has been defined biochemically as an 

inhibitory element of the NDR1/2 kinases, without any interaction with the LATS 

kinases. In addition to MST1/2, the MAP4K kinases can also activate 

phosphorylation of NDR/LATS signalling. Activated NDR/LATS protein kinases 

transmit the signal throughout downstream targets including YAP and TAZ 

(Hergovich, 2012, Meng et al., 2016), MYPT1 (Chiyoda et al., 2012), Snail (Zhang et 

al., 2012), CDK2 (Pefani et al., 2014), p21/cip1 (Cornils et al., 2011b), AAK1 (Ultanir 

et al., 2012), CDC25A (Fukasawa et al., 2015). Also, hMOB3 interacts with the 

MST1 kinase upon cell-cell contact and apoptotic stimuli (Tang et al., 2015). 

However, it is currently unclear whether hMOB3 participates in the Hippo signalling 

pathway.   

1.2 The MOB protein family  

The family of MOB proteins is highly conserved from yeast to humans 

(Hergovich, 2011). The first MOB protein (Mob1p) was described in yeast as 

a mitotic exit regulator more than a decade ago (Luca and Winey, 1998). 

Yeast expresses two MOB proteins (Mob1p and Mob2p), the Drosophila 

genome encodes three different MOBs (dMOB1, dMOB2, dMOB3), and 

human cells encode at least six different MOBs (hMOB1A, hMOB1B, 
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hMOB2, hMOB3A, hMOB3B, hMOB3C), indicating a functional diversification 

of MOBs from unicellular to complex multicellular organisms (Hergovich, 

2011). Table 1.1 below displays primary sequence identities of MOB proteins 

encoded in yeast, fly and human cells. Within the MOB protein family, 

hMOB1 shows the closest relation to scMob1p, spMob1p, and dMOB1 in the 

corresponding species (Hergovich, 2011).  

Table 1-1: Sequence identities of the MOB protein family in yeast, fly and 

human cells (Hergovich, 2011).  
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The Dbf2p/Dbf20p and Cbk1p kinases have been revealed as the 

counterparts of human NDR/LATS kinases in budding yeast (Saccharomyces 

cerevisiae), whereas the Sid2p and Orb6p kinases have been classified as 

the NDR/LATS kinases in fission yeast (Schizosaccharomyces pombe) 

(Hergovich, 2011, Hergovich et al., 2006c). In budding and fission yeast, 

Mob1p interacts with Dbf2p and Sid2p, and Mob2p associates with Cbk1p 

and Orb6p, respectively. Mob1p is essential for both mitotic exit network 

(MEN) through regulation of the Dbf2p kinase in S. cerevisiae, and septation 

initiation network (SIN) in collaboration with the Sid2p kinase in S. pombe. 

Collectively, Mob1p bears an essential role in the control of mitotic exit (for a 

detailed review please see Hergovich and Hemmings (2012)). Mob2p will be 

defined in detail in section 1.3 below. 

The Trc (tricornered) and Warts kinases are the counterparts of the 

human NDR1/2 and LATS1/2 kinases in Drosophila melanogaster, 

respectively (Hergovich et al., 2006c). In Drosophila, dMOB1 (aka Mats: 

MOB as tumour suppressor) has been demonstrated to be significant for cell 

proliferation and cell death as a central component of Hippo signalling (Lai et 

al., 2005). Essentially, Lai et al. (2005) reported that dMOB1 corresponds to 

hMOB1A since ectopic hMOB1A expression could rescue phenotypes 

caused by the loss of dMOB1. Altogether, dMOB1 functions as an essential 

tumour suppressor together with the fly LATS kinase Warts (Harvey et al., 

2013).  Although the genetic interaction between dMOB3 and Trc has been 

primarily reported by He et al. (2005), dMOB3`s molecular functions remain 

elusive. dMOB2 will be described in detail in section 1.3 below. 

The NDR/LATS protein kinases are conserved from yeast to humans 

(Hergovich et al., 2006c). Human cells encode four NDR/LATS protein 

kinases: namely NDR1 (aka serine/threonine kinase 38: STK38), NDR2 (aka 

STK38L), LATS1 and LATS2. In mammalian cells, the tumour suppressive 

role of hMOB1 as a regulator of the LATS kinase remains conserved (Harvey 

et al., 2013, Hergovich, 2013). Considerably, MOB1-deficient mice (Nishio et 

al., 2012, Nishio et al., 2016) develop a broader range of tumours as 

reported for loss of LATS kinases (Harvey et al., 2013), highlighting that 

MOB1 performs significant biological functions independent of LATS 
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signalling. Although hMOB1A/B are cytoplasmic proteins, they can bind and 

activate the NDR/LATS protein kinases when targeted to the plasma 

membrane of cells (Hergovich et al., 2005, Hergovich et al., 2006b). 

Particularly, hMOB1A/B proteins bind to all four members of the NDR/LATS 

kinases (NDR1/2 and LATS1/2) via a highly conserved NTR region 

positioned near to the catalytic domain  (Bichsel et al., 2004, Hergovich et al., 

2005, Hergovich et al., 2009, Kohler et al., 2010, Hergovich et al., 2006a, 

Devroe et al., 2004, Bothos et al., 2005, Yabuta et al., 2007, Ponchon et al., 

2004, Stavridi et al., 2003, Hoa et al., 2016). Studies have emphasized that 

the binding of hMOB1 proteins to NDR/LATS is required for complete 

activation of downstream factors; hence, the hMOB1 proteins have been 

described as important co-activators of the LATS/NDR protein kinases 

(Hergovich et al., 2006c, Hergovich, 2011). The biological functions of 

hMOB1 have been mainly defined in cell proliferation (Praskova et al., 2008), 

apoptosis (Vichalkovski et al., 2008), and centrosome duplication (Hergovich 

et al., 2009). Similar to hMOB1, the hMOB3 proteins have also been found to 

be localized in the cytoplasm (Hergovich et al., 2009). However, it has been 

observed that these cytoplasmic hMOB3 proteins neither interact with 

LATS1/2 nor with NDR1/2 kinases (Kohler et al., 2010, Hergovich, 2011). 

Significantly, a recent work showed that upon apoptotic stimuli and cell-cell 

contact hMOB3 protein physically interacts with the MST1 kinase, causing 

negative regulation of apoptotic signalling by MST1 in glioblastoma 

multiforme (GBM) cells, thereby potentially promoting tumorigenesis (Tang et 

al., 2014). hMOB2 will be described in detail in section 1.3 below.   
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1.3 From yeast to mammals: MOB2  

As indicated earlier, MOB proteins are encoded by two independent genes in 

budding and fission yeast: Mob1p interacts with Dbf2p and Sid2p, and 

Mob2p associates with Cbk1p and Orb6p, respectively. Importantly, Mob1p 

does not associate with Orb6p, and Mob2p does not interact with Sid2p (Hou 

et al., 2004, Hou et al., 2003), revealing independent and non-

interchangeable roles for Mob1p and Mob2p in the regulation of two different 

biological events. Specifically, research showed that Mob2p participates in 

the daughter-specific genetic programs through transcriptional activator 

Ace2p, suggesting a significant role for Mob2p in the control of asymmetry in 

budding yeast (Colman-Lerner et al., 2001, Weiss et al., 2002). Additionally, 

research revealed that the yeast Mob2p/Cbk1p complex is involved in the 

regulation of polarised growth (Jansen et al., 2006, Nelson et al., 2003). 

Studies in S. pombe demonstrated that Mob2p in complex with the yeast 

NDR/LATS kinase Orb6p regulates a cell morphogenesis network (Hou et 

al., 2003, Kanai et al., 2005).  

In contrast to yeast, individual fly MOB proteins (dMOB1, dMOB2 and 

dMOB3) associate with both fly NDR/LATS kinases Trc/Warts (He et al., 

2005). The biological responsibilities of dMOB2 are less revealed in flies, 

however, dMOB2 has reported roles in neuromuscular junctions (Campbell 

and Ganetzky, 2013) and photoreceptors (Liu et al., 2009). Significantly, 

dMOB2 has been reported to form a protein complex with Trc, suggesting a 

potential collaboration between the functions of dMOB2 and Trc in flies (He 

et al., 2005). Fundamentally, the function of dMOB2 appears to be different 

from that of dMOB1 in flies since mutations in the gene encoding dMOB2 do 

not specifically correspond to loss or gain of function in Trc kinase in the 

context of morphological phenotypes. Nonetheless, a truncated form of 

dMOB2 overexpression has been shown to cause a fly wing phenotype as 

reported for flies with the mutant Trc expression, suggesting a potential 

dominant-negative function for dMOB2 in flies (He et al., 2005, Hergovich, 

2011). However, more research is required to fully understand the 

physiologically relevant roles of dMOB2.           
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As previously mentioned, human cells encode at least six different 

MOB proteins hMOB1A/B, hMOB2, hMOB3A/B/C. In contrast to the 

cytoplasmic hMOB1 and hMOB3 proteins, hMOB2 resides mainly in the 

nucleus (Hergovich et al., 2005). Besides, hMOB2 can also participate in the 

control of NDR1/2 signalling (Kohler et al., 2010). Interestingly, hMOB2 

protein has been demonstrated to interact with only the NDR1 and NDR2 

protein kinases, and no interactions with the LATS1/2 proteins have been 

identified (Bothos et al., 2005, Hergovich et al., 2006b, Kohler et al., 2010). 

The recent findings by Kohler et al. (2010) showed that hMOB2 efficiently 

competes with hMOB1A for binding to the same domain of NDR1 kinases (N-

terminus), resulting in the inhibition of the NDR kinase activation by hMOB1. 

In this respect, they revealed that hMOB2 specifically interacts with the 

unphosphorylated NDR complexes (Kohler et al., 2010). Therefore, hMOB2 

has been described as an inhibitor of the NDR kinase activity, whereas 

hMOB1 proteins are specified as co-activator of the NDR kinase pathway 

(Kohler et al., 2010, Hergovich, 2011). Nevertheless, this biochemistry 

focused study by Kohler et al. (2010) did not uncover the biological functions 

of endogenous hMOB2. 

The PPIs of NDR1/2 kinases with hMOB1A/B proteins are essential 

for apoptotic signalling and centrosome duplication (Zhou et al., 2009, 

Hergovich et al., 2009). In this context, Kohler et al. (2010) also examined 

whether NDR kinase inhibition by hMOB2 affects these NDR functions 

pointed out above. Consequently, they have observed that hMOB2-mediated 

inhibition of NDR kinases (upregulated hMOB2 expression) interferes with 

NDR kinase-regulated apoptosis and centrosome duplication, supporting the 

putative inhibitory role of hMOB2 in two distinct biological contexts (Kohler et 

al., 2010). However, these observations are solely based on results obtained 

upon hMOB2 overexpression, leaving the function(s) of endogenous hMOB2 

yet to be defined.   

In the context of cancer development, the upregulation of hMOB2 

(also termed HCCA2: hepatocellular carcinoma-associated gene 2) mRNA 

levels might be related to malignant hepatoma cellular carcinoma (HCC) 

progression (Wang et al., 2001). However, the hMOB2 gene also encodes an 
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overlapping (but completely distinct) open reading frame (ORF) (Wang et al., 

2001). Thus, it is currently not certain whether the upregulation of HCCA2 

mRNA or hMOB2 mRNA is stimulating tumour development. Furthermore, 

when the inhibitory effect of hMOB2 on the pro-apoptotic function of the NDR 

kinases is elaborated, one can speculate that hMOB2 regulation might be 

implicated in different tumorigenic transformation (Hergovich, 2011). 

However, the exact involvement of the hMOB2 protein in mammalian 

neoplastic development is very poorly understood. Additionally, although the 

human hMOB2 gene appears to display loss of heterozygosity (LOH) in more 

than 50% of testicular, bladder, cervical, and ovarian carcinomas (The 

Cancer Genome Atlas, TCGA, please see also Table 6.1, page 235) (Cerami 

et al., 2012), any defined physiological cancer-related functions of 

mammalian MOB2 have yet to be described. So far, it has only been 

reported that MOB2 can contribute to morphological changes in murine 

neurites and rat astrocytes (Fang et al., 2012, Lin et al., 2011). 

On the other hand, a recent genome-wide screen for new players in 

the DNA damage response (DDR) signalling has proposed hMOB2 as one of 

many candidates awaiting validation of their potential role in the DDR (Cotta-

Ramusino et al., 2011). Speficially, this study suggested that hMOB2 might 

contribute to mitomycin C sensitivity and activation of the IR-induced G2/M 

cell cycle checkpoint (Cotta-Ramusino et al., 2011), although the successful 

manipulation of hMOB2 levels by RNA interference (RNAi) was not verified. 

Therefore, up to recently (Gomez et al., 2015), direct or indirect functions of 

hMOB2 in the DDR have not been described.  
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1.4 Genome instability and cancer 

Cancer is described as a group of diseases principally characterised by 

uncontrolled cellular proliferation driving the perpetual transformation of 

normal cells into malignant counterparts through a complex multi-step 

process. In addition to previously defined hallmarks of cancer (Hanahan and 

Weinberg, 2000), the sheer volume of reports suggests additional “enabling 

and emerging characteristics of cancer” such as genomic instability by virtue 

of amplified oncogenic mutation incidences (Hanahan and Weinberg, 2011, 

Klausner, 2002, Negrini et al., 2010). Considerably, mutations can trigger 

uncontrolled cell proliferation and malignant transformation by causing the 

loss of essential tumour suppressor genes and the erroneous activation of 

oncogenes (Hoeijmakers, 2009), hence highlighting the importance of a 

maintained genomic stability.  

Numerous molecular events involved in the cell cycle regulation and 

DDR have been identified to preserve cell survival and genome integrity 

(Craig, 2010, Alberts, 2008). Therefore, mammalian cells employ various 

molecular mechanisms to distinguish DNA replication into the synthesis (S) 

phase from the equal distribution of identical genetic materials during the 

mitosis (M) phase. These distinct set of specialised biochemical events are 

coordinated by the activities of cyclin-dependent kinases (CDKs) and cell 

cycle phase specific cyclins, two key regulatory molecules of the cell cycle 

progression (Hochegger et al., 2008, Malumbres et al., 2009).  

In addition to deficient genome replication and/or chromosome 

segregation, the genetic integrity is also being constantly threatened by both 

spontaneously induced endogenous DNA damage (e.g. replication stress, 

telomere shortening, lipid peroxidation by-products, oxygen free radicals, and 

endogenous alkylating agents) or exogenous physical (e.g. ultraviolet [UV] 

radiation, ionising radiation [IR]), and chemical DNA damaging factors (e.g. 

chemotherapeutics) (Curtin, 2012, Goldstein and Kastan, 2015). Mammalian 

cells utilise a complex signalling network to detect, signal and repair DNA 

damage with the aim to restore genomic stability (Jackson and Bartek, 2009, 

Ciccia and Elledge, 2010). In case the DNA damage is beyond repair, the 

damaged cell is removed from the proliferating cell pool through the means 
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of cell death or cellular senescence. However, if the cells fail to repair DNA 

and/or promote cell death/senescence, mutations may arise and accumulate 

within the genome, consequently resulting in the dysregulation of several 

genes that are responsible for regulating cell growth, proliferation and/or 

death, which in turn would increase the risk of tumour development and 

progression as well as development of other diseases (Ciccia and Elledge, 

2010, Jackson and Bartek, 2009, Bunting and Nussenzweig, 2013, Goldstein 

and Kastan, 2015).  

The mammalian DDR comprises a DNA repair network that is 

connected with cell cycle progression, DNA replication, transcription, and 

chromatin remodelling (Figure 1.2) (Hoeijmakers, 2009, Kastan and Bartek, 

2004). Significantly, DDR defects can promote cancer predisposition and 

many other syndromes such as premature ageing and impaired immune 

biology due to the gradual accumulation of mutagenic lesions (Jackson and 

Bartek, 2009). Our current understanding of the mammalian DDR system 

has been traced back from studying certain human genetic disorders induced 

by critical deficiencies in both DDR and DNA damage repair signalling 

pathways (Goldstein and Kastan, 2015). Recent data have emerged that 

patients diagnosed with these syndromes appears to have a deficiency of 

specific DDR proteins, leading to an obstruction of accurate detection and/or 

repair of induced DNA lesions, which would potentially result in 

tumorigenesis (Goldstein and Kastan, 2015). For instance, hereditary 

mutations in the ATM (ataxia telangiectasia mutated) gene (please see also 

section 1.6.1, page 48) can cause the cancer-prone phenotype termed A-T 

(ataxia telangiectasia) syndrome since its product participates in detecting 

and further signalling DNA DSBs (double-strand breaks), ultimately resulting 

in lymphoid malignancy predisposition (Lavin and Shiloh, 1997).     
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Figure 1.2 

General scheme of the DNA damage response (DDR).               

The DDR mechanism is connected with cell cycle progression in combination with 

other substrates to coordinate the outcome of the cell fate (adapted from Bain et al. 

(2001) and Kastan and Bartek (2004)). 

The entire components of DDR needs to be accurately and orderly 

organised to protect genome stability, which can also influence the 

consequence of cancer treatments (Goldstein and Kastan, 2015). Since 

genome instability is a well-established hallmark of nearly all cancer forms 

(Hanahan and Weinberg, 2011, Negrini et al., 2010, Stratton et al., 2009) and 

many cancer treatments aim to triggering cellular death by damaging DNA 

(Hoeijmakers, 2009), the enhancement of our understanding of the DDR and 

repair signalling has acquired widespread attention in order to advance DNA-

damaging cancer treatments, with the ultimate aims of (i) increasing 

therapeutic response, and (ii) decreasing the frequency of therapy resistance 

(Holohan et al., 2013). Remarkably, a potential interest in this field is to 

define a therapeutic strategy by taking advantage of the compromised 

genomic maintenance. Considering the intricacy of the DDR and repair 
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mechanisms, there is a growing interest in the development of novel small 

molecule inhibitors and prognostic biomarkers by taking advantage of the 

selective sensitivity of cancer cells arisen from their altered DNA repair 

capacity and damage tolerance (Hoeijmakers, 2009). 

In the following sections, we will first describe the cell cycle 

progression and checkpoint control mechanisms in mammalian cells. 

Secondly, we will explain our current understanding of the DDR signalling 

and DNA damage repair pathways, followed by the elucidation of commonly 

used cancer treatment strategies.  

1.5 Cell cycle progression and checkpoint control in mammalian cells 

1.5.1 Cell cycle progression in mammalian cells 

Cell cycle regulation is a highly complex challenge for every eukaryotic cell, 

specifically among multicellular organisms with numerous specialised cell 

types. Cells need to be able to immediately detect any types of DNA 

damages and trigger the activation of DDR signalling to establish 

checkpoints, which are the cell cycle phase specific, allowing tolerable time 

for different forms of DNA repair (Kastan and Bartek, 2004).  

Definition of cell cycle stages 

The mammalian cell cycle progression has two successive processes: DNA 

replication in the S phase and cell segregation of duplicated chromosomes in 

the M phase. Each of these essential cellular processes has a preliminary 

phase; gap-1 (G1 phase) and gap-2 (G2 phase), which are the critical 

preparation steps before DNA synthesis (S), and mitosis (M), respectively 

(G1, S, and G2 stages are together known as interphase) (Vermeulen et al., 

2003, Alberts, 2008).  

In a nutshell, in the G1 phase, the cell grows and accumulates 

nutrients, ensuring that adequate building blocks and the proper 

environmental conditions are accessible for an efficient DNA duplication and 

cell division. During the S phase, the total amount of double-stranded DNA 
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molecules in the cell is successfully doubled.  The G2 phase is essential for 

the cell to prepare for the mitotic division and cytokinesis. The M phase is 

subdivided into six stages: prophase, prometaphase, metaphase, anaphase, 

telophase and cytokinesis. The cell division occurs by the distribution of the 

identical chromosomes between daughter cells during the M phase 

(Vermeulen et al., 2003, Alberts, 2008).  

Overall, the cell cycle regulation among mammalian cells assures to 

replicate its genetic material accurately in the S phase and to segregate 

chromosomes into daughter cells properly in the M phase. Significantly, the 

cell has numerous mechanisms for the detection and correction of 

endogenously or exogenously induced DNA lesions by initially activating the 

cell cycle checkpoints to halt cell cycle progression at the G1, S or G2 

phases (Kastan and Bartek, 2004, Alberts, 2008), as summarised in section 

1.5.2, page 35. 

Molecular regulation of cell cycle progression 

The cell cycle progression through all four phases is properly regulated 

based on various protein phosphorylation-dependent events (Kastan and 

Bartek, 2004, Reinhardt and Yaffe, 2009). The serine/threonine CDKs and 

cyclins collaborate to constitute catalytically active heterodimer complex 

molecules during the cell cycle progression. Cyclins bear no catalytic activity 

and CDKs are only fully activated in the presence of a partner cyclin. 

Significantly, the maintenance of the timely duplication and segregation of 

genetic information has long been established to be tightly regulated by the 

activities of CDKs. Furthermore, the context-specific CDK inhibitors (CKIs) 

including p21 (CIP1/WAF1) and p27 (KIP1) also control CDK activities by 

specific activating or inhibiting phosphorylations and interactions (Sherr and 

Roberts, 1999).  

A number of CDKs participate in the regulation of cell cycle 

progression (Figure 1.3). For example, CDK2, CDK4 and CDK6 have been 

identified to be active in the G1 phase, CDK2 during the S phase, and CDK1 

during the G2 and M phases. Phosphorylation events performed by the 
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CDK4/6-cyclin D heterodimer present in early G1, and the CDK2-cyclin E 

heterodimer present in late G1 are responsible for the G1 progression and 

the transition from G1 to S phases (Kastan and Bartek, 2004, Harris and 

Levine, 2005). The CDK2-cyclin E and CDK2-cyclin A complex-dependent 

phosphorylations coordinate progression through the S phase. The CDK1-

cyclin A and CDK1-cyclin B complexes are responsible for both the G2/M 

transition and M phase progression together with other mitotic kinases 

including Aurora, PLK1 (Polo-like kinase 1), NEK (NimA related kinase) and 

Greatwall (Ma and Poon, 2011a).  

 

 

 

 

 

 

Figure 1.3 

Molecular regulation of the cell cycle progression.                           

CDKs and cell cycle phase specific cyclins are the two key regulatory molecules of 

the cell cycle control. CDK2, CDK4 and CDK6 are active in the G1 phase, CDK2 

during the S phase, and CDK1 during the G2 and M phases. CDK4/6-cyclin D and 

CDK2-cyclin E heterodimers controls the G1 progression and the G1/S transition. 

The CDK2-cyclin E and CDK2-cyclin A complexes regulate progression through the 

S phase, while the CDK1-cyclin A and CDK1-cyclin B complexes are activated for 

the G2/M transition and M phase progression, respectively  (adapted from 

Vermeulen et al. (2003)). 

During normal cell cycle regulation, the mitotic entry is prompted by 

swiftly increased activities of the CDK1-cyclin B complexes, which is 

dependent on the clearance of inhibitory phosphorylations on the CDK1 

kinase generated by the Wee1 and Myt1 proteins (Okamoto and Sagata, 

2007). The clearance of these inhibitory phosphorylations is performed by 
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members of the CDC25 (cell division cycle 25) family of phosphatases. 

Essentially, phosphorylation events responsible for the CDC25 activation are 

conducted by PLK1, MAPKs (mitogen-activated protein kinases) and CDK1, 

whereas those responsible for the CDC25 inhibition in response to DNA 

damage are performed by CHK1 (checkpoint kinase 1), CHK2 and MK2 

(MAPK-activated protein kinase 2) (Reinhardt and Yaffe, 2013, Falck et al., 

2001).  

The activities of CDKs and other cell cycle kinases are essential to 

prevent an incorrect cell cycle progression, which therefore needs to be 

firmly regulated by particular interactions with CKIs. In this respect, the cell 

cycle progression is actively regulated by two principal protein families of 

CKIs: (i) the INK4 family (containing p15, p16, p18 and p19), which appears 

to block the CDK4/6 activity by inhibiting the formation of CDK4/6-cyclin D 

heterodimer, and (ii) the WAF proteins including p21 which function primarily 

by inhibiting the CDK4-cyclin D and CDK2-cyclin E heterodimer complexes 

(Reinhardt and Yaffe, 2013).  

1.5.2 Checkpoint control in mammalian cells 

In response to various types of DNA lesions, mammalian cells can activate 

the DNA damage cell cycle checkpoints to delay the cell cycle progression 

and initiate the DNA damage repair mechanisms (Wahl et al., 1997, Deckbar 

et al., 2011, Bartek and Lukas, 2007). These checkpoints act as cell cycle 

regulators to guard cells against the accumulation of DNA damage 

(Kerzendorfer and O'Driscoll, 2009). Since DSBs are the most cytotoxic and 

complicated DNA lesions (Khanna and Jackson, 2001), we focus on 

describing DNA damage checkpoints activated in response to DSBs.  

There are three distinctive cell cycle checkpoints in DDR: (i) the G1/S, 

(ii) intra-S phase, and (iii) G2/M checkpoints (Figure 1.4). The signal 

transduction pathways governed by ATM and ATR (ataxia telangiectasia and 

Rad3-related) are mainly in charge of DSB recognition and activation of 

relevant repair pathways in order to control several DNA damage 

checkpoints, depending on the type of DSB lesions. The ATM/ATR kinase 
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cascades initiate a series of phosphorylation events to induce cell cycle 

arrest via the activation of cell cycle checkpoints upon DNA damage. In this 

regard, the CHK1 and CHK2 kinases serve as essential signal transducers to 

modulate the checkpoint functions of the activated ATM/ATR kinases. Upon 

activation, CHK1 and CHK2 phosphorylate and thereby activate or inhibit a 

number of overlapping pools of downstream substrates including the p53 

tumour suppressor protein (Bain et al., 2001). p53 is mostly responsible for 

the activation of cell cycle checkpoints (Kastan and Bartek, 2004, Bartek et 

al., 2007, Riley et al., 2008), and has been considered as a central, versatile 

and multi-functional player during the cellular DNA damage response.  Upon 

cytotoxic stress, p53 is upregulated and stabilised to induce transcriptional 

programmes that are responsible for promoting transient cell cycle arrest, 

permanent cell cycle arrest in form of senescence, DNA repair and/or 

apoptosis (Vousden and Lane, 2007, Speidel, 2015, Vousden, 2006, 

Vousden and Prives, 2009). Since p53 is a very significant determinant 

involved in many aspects of DNA damage checkpoints, we will first outline 

our current knowledge on p53 in the context of DNA damage before 

describing our current understanding of the cell cycle checkpoints. 
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Figure 1.4 

Activation of DNA damage signalling pathway: key molecules and cell cycle 

checkpoints.                            

DNA damage-activation of the ATM/ATR protein kinases leads to phosphorylation of 

target proteins including CHK1/2 and p53 to control cell cycle progression. There 

are three critical cell cycle checkpoints: the G1/S, intra-S and G2/M checkpoints, 

which are controlled by different regulators. The p53 protein can be targeted and 

phosphorylated by both the ATM/ATR and CHK2/CHK1 kinases upon DNA damage, 

which in turn activates the G1/S cell cycle checkpoint via p21-dependent CDK2 

inhibition. CDC25A is another CHK1/2 substrate which inhibits the CDK2 activity 

and causes the G1/S and/or intra-S cell cycle arrest. The CHK1/2-dependent 

phosphorylation of CDC25C, on the other hand, results in cytoplasmic retention of 

CDC25C to trigger the G2/M cell cycle arrest due to a reduction in the activity of 

CDK1 (adapted from  Bain et al. (2001)).   

The p53 tumour suppressor protein in DDR signalling  

The p53 protein functions as a tumour suppressor and nearly 50% of all 

human cancers bear mutations in the p53 gene (Petitjean et al., 2007). 

Researchers have shown that p53 is significantly upregulated at the level of 

protein stabilisation in response to genotoxic stresses such as UV radiation, 

IR and chemotherapeutic agents (Maltzman and Czyzyk, 1984, Kastan et al., 

1991, Fritsche et al., 1993, Lowe et al., 1993). Upon DNA damage, p53 is 

broadly modified (thereby stabilised) by phosphorylations and other various 

post-translational modifications (Kruse and Gu, 2009). The DDR kinases 

ATM, ATR, DNA-PK (DNA-dependent protein kinase), CHK1 and CHK2 are 

upstream regulators of p53. These modifications can induce p53 dissociation 

from its negative regulator MDM2 (mouse double minute 2) and lead to the 
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transcriptional activation of p53 (Kruse and Gu, 2009), which consequently 

results in the enhanced transcription of p53 targets including the CKI p21 

(Figure 1.5) (Bunz et al., 1998, Speidel, 2015).  

 

 

 

 

 

 

 

 

Figure 1.5 

p53 regulates various biological processes through transcriptional activation 

of target genes.                        

Examples of the key p53-activated target genes involved in diverse biological 

processes including the canonical p53-linked responses: cell cycle arrest, apoptosis 

and metabolism. Upon cell stress, the activated DDR signalling target p53, leading 

to p53 stabilisation and disassociation from  its negative regulator MDM2, 

consequently promoting the transcriptional regulation of p53 target genes (adapted 

from Menendez et al. (2009) and Bieging et al. (2014)).  

p53 is a transcription factor which can bind to DNA in a sequence-

specific manner (Menendez et al., 2009) in order to activate or repress the 

transcription of genes involved in the cell cycle arrest, metabolism, apoptosis, 

DNA repair, autophagy, and others (Figure 1.5) (Vousden and Prives, 2009, 

Menendez et al., 2009, Bieging et al., 2014). Through transcriptional 

induction of p21, p53 can indirectly suppress CDK activity, which in turn 

enables the activation of the retinoblastoma protein (pRb) tumour suppressor 

pathway (Kastan and Bartek, 2004). Hypo-phosphorylated pRb binds to E2F 

transcription factors and therefore represses its transcriptional activity and 
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successively blocks the cell cycle progression (Figure 1.6) (Munro et al., 

2012, Dyson, 1998, Mittnacht, 1998). Consequently, cells are provided time 

to repair induced DNA damage. In case the DNA damage is unrepairable, 

p53 can initiate programmed cell death, apoptosis (Vousden and Lu, 2002, 

Fridman and Lowe, 2003). 

 

 

 

 

 

 

 

Figure 1.6 

The pRb-E2F pathway controls the G1/S transition.            

Under normal conditions, hypophosphorylated pRB binds to E2F transcription 

factors and therefore represses its transcriptional activity. However, once 

phosphorylated by CDKs, pRb cannot bind to E2F complex and thereby allows the 

G1/S transition. Conversely, in response to DNA damage, p53/p21-dependent CDK 

inhibition restricts pRb phosphorylation and hence hypophosphorylated pRb inhibits 

the cell cycle progression by blocking E2F (adapted from Munro et al. (2012)).  

Furthermore, high p53 levels can also prompt a transient or 

permanent cell cycle arrest (Di Leonardo et al., 1994, Agarwal et al., 1998, 

Stewart et al., 1995, Sugrue et al., 1997, Taylor et al., 1999). Although many 

factors have been reported to participate in these distinct types of cell cycle 

arrest (summarised in Speidel (2015)), the parameters describing the choice 

between apoptosis and a transient cell cycle blockage and a permanent 

growth arrest (senescence) are not entirely understood yet. In this context, it 

is worth to note that sustained p53 stabilisation induces a permanent 

proliferation arrest through senescence, whereas pulses of stabilised p53 
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cause a transient, reversible cell cycle arrest (Purvis et al., 2012). A 

misbalance between DNA damage and DNA repair normally results in higher 

p53 levels through pulses (Loewer et al., 2010), initiating a transient p53-

mediated G1/S cell cycle arrest (Purvis et al., 2012). This pulsatile behaviour 

of p53 can be described at least in part by ATM-elicited activation of p53 that 

is followed by the transactivation of MDM2 and Wip1 (wild-type p53-induced 

phosphatase 1), the two known negative regulators of p53. The induction of 

MDM2 and Wip1 neutralises p53 activity as a negative feedback loop 

(Batchelor et al., 2009).  

1.5.2.1 The G1/S cell cycle checkpoint 

A small degree of DSB induction can be sufficient to activate the G1/S cell 

cycle checkpoint (see Figure 1.4 above on page 37) (Deckbar et al., 2010). 

There are two distinct processes controlling the stimulation of the G1/S 

checkpoint upon DNA lesions (Bartek et al., 2001, Wahl et al., 1997), namely 

(i) the ATM-p53-p21 (Wahl et al., 1997, Kastan et al., 1992), and (ii) the 

ATM-CHK2-CDC25A signalling pathways (Bain et al., 2001).   

The p53 protein is particularly important in the first G1/S cell cycle 

arrest pathway. In response to DNA damage, p53 is targeted and 

phosphorylated by the ATM and/or ATR kinases as well as the CHK2/CHK1 

transducers, which thereafter stimulates the stabilisation of p53 and 

consequent G1/S cell cycle arrest. On the other hand, the second process of 

G1/S cell cycle checkpoint does not completely block the S phase entry. In 

this process, the ATM/ATR-dependent activation of CHK2/1 further targets 

the family of CDC25 tyrosine phosphatases. Specifically, it has been shown 

that CHK2 phosphorylates CDC25A, which in turn causes its degradation, 

leading to diminished CDK2 activity and consequently G1/S cell cycle arrest 

(Deckbar et al., 2010, Bain et al., 2001, Falck et al., 2001).  

1.5.2.2 The intra-S phase cell cycle checkpoint 

Replication of the genome occurs during the S phase and monitoring the 

integrity of DNA before and during replication process is highly critical for 
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genome stability. The intra-S phase checkpoint is responsible for blocking 

DNA replication in the case of cytotoxic stress, thus preventing the 

accumulation of DNA damage in healthy cells (see Figure 1.4 above page 

37) (Grallert and Boye, 2008). Similar to the G1/S checkpoint, the intra-S 

phase checkpoint can be subjected into two different branches, (i) to block 

ongoing replication fork progression, and (ii) to inhibit the late-firing of DNA 

replication origins. Significantly, during the S phase, in response to radiation-

mediated DNA damage, the DNA synthesis is decelerated by two ATM-

dependent signalling cascades: ATM-NBS1-SMC1 and ATM-CHK2-CDC25A 

branches (Kastan and Bartek, 2004, Falck et al., 2001). Late-firing of new 

replication origins can also be inhibited by the ATR-CHK1 signalling 

(Cimprich and Cortez, 2008). Specifically, upregulation of the CHK1 kinase 

activity causes CDC25A phosphorylation and thereby its proteasomal 

degradation, which in turn reduces the activity of CDKs to block the cell cycle 

progression (see Figure 1.4 above page 37) (Donzelli and Draetta, 2003, 

Sorensen et al., 2003).             

1.5.2.3 The G2/M cell cycle checkpoint 

In contrast to the G1/S checkpoint, the G2/M cell cycle checkpoint has higher 

DNA damage tolerance. For example, at least 10 to 15 DSBs are estimated 

to be required to induce efficient activation of the G2/M checkpoint (see 

Figure 1.4 above page 37) (Deckbar et al., 2011, Goodarzi and Jeggo, 

2013). Hence, the G2/M checkpoint might be ineffective to preserve genome 

stability of the cells with a defective G1/S checkpoint (Deckbar et al., 2011). 

Upon DNA damage induction, the activated G2/M checkpoint thwarts the 

entry of G2 cells into mitosis, thus inhibiting transmission of the damaged 

DNA material to the offspring. 

In this checkpoint, DNA damage-dependent activation of ATM and 

ATR kinases further phosphorylate their effectors, CHK2 and CHK1, inducing 

the activation of the G2/M cell cycle checkpoint. CHK2 and CHK1 kinases 

inhibit CDC25C activity by enabling it to interact with the 14-3-3 proteins and 

causing a phosphorylation-dependent nuclear export of CDC25C. As a 
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result, CDK1 becomes inactivated due to the continuous phosphorylation by 

Wee1, causing rapid blockage of M-phase entrance (Bartek and Lukas, 

2007, Donzelli and Draetta, 2003, Bartek and Lukas, 2003). Initially, ATM 

stimulates the activation of the G2/M checkpoint; however, a late ATR 

response leads to a constant G2/M checkpoint response. Particularly, the 

change from ATM dependency to ATR dependency is determined by the 

DNA end resection following initial activation of the G2/M checkpoint in 

response to DNA damage (Lindqvist et al., 2009). Although the induction of 

the G2/M arrest does not require p53 (Kastan et al., 1991), p53 and its 

effector p21 seem to be necessary for the maintenance of the G2/M cell 

cycle checkpoint (Bunz et al., 1998, Taylor and Stark, 2001).   

1.6 DNA damage signalling and repair pathways in mammalian cells 

The genetic material receives continual threats of damage from intracellular 

sources including stalled replication forks, telomere shortening and reactive 

oxygen species (ROS) produced during cellular metabolism and extracellular 

physical and chemical agents, such as IR and environmental DNA-damaging 

factors, respectively (Lindahl and Nyberg, 1972, Loeb and Harris, 2008, 

Lindahl and Barnes, 2000). Accumulation of DNA aberrations by the reason 

of unrepaired or incorrectly repaired lesions can block genome replication 

and transcription, resulting in cell death or genomic instability with a range of 

genetic alterations, such as base oxidation, DNA SSBs (single strand breaks) 

or DSBs. These critical lesions can cause point mutations, deletions, 

insertions, and/or chromosomal translocations, which in turn may induce the 

loss of chromosomal regions encoding tumour suppressors or eliciting 

oncogenic gene fusions and/or amplifications (Polo and Jackson, 2011, 

Helleday et al., 2008, Curtin, 2012).     

The genome of a healthy cell is protected by an accurate and fully 

functional DDR system with numerous defence mechanisms that reflect the 

particular DNA lesion caused by various DNA-damaging agents (Chapman et 

al., 2012). For nearly every form of DNA damage, the cell has evolved a 

range of repair pathways, and almost each pathway has many specialised 
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kinases and other enzymes to promote cell survival and to prevent tumour 

formation/cell death. Most of the repair pathways utilises an excision 

mechanism to eliminate the damage from one strand of the DNA double helix 

by using the other strand as a template (Symington and Gautier, 2011). The 

DNA repair mechanisms can be classified into at least five key multi-step 

pathways: BER (base excision repair), NER (nucleotide excision repair), 

MMR (mismatch repair), NHEJ (non-homologous end joining), and HRR 

(homologous recombination repair) (Mao et al., 2008, Goldstein and Kastan, 

2015, O'Driscoll and Jeggo, 2006, Bartek et al., 2007). In the following parts, 

the DDR mechanism will be first summarised, and then our current 

understanding of the DNA repair mechanisms will be discussed in the 

following sections.      

1.6.1 DNA damage response (DDR) signalling 

The DDR network detects and signals genotoxic stresses in order to activate 

cell cycle checkpoints (please see section 1.5.2 above) in parallel with DNA 

damage repair pathways. Furthermore, the DDR signalling also modulates 

overall cellular homeostasis and apoptosis depending on the severity of 

induced damage (Jackson and Bartek, 2009, Curtin, 2012, Goldstein and 

Kastan, 2015, Bartek et al., 2007). Therefore, the DDR cascade has a 

number of different components determining, depending on the magnitude of 

DNA damage and the cell type, the outcome in cells with damaged DNA 

(Figure 1.7). The DDR constituents are responsible for: (i) rapid damage 

detection to trigger activation of signalling pathways and induction of cell 

cycle checkpoints, and (ii) DNA damage repair or (iii) activation of apoptotic 

pathways to eliminate terminally damaged cells. Thus, it appears to be vital 

to understand better the DDR coordination, since this would allow us to 

improve the outcome of cancer treatment in the context of manipulating DDR 

within the cell cycle checkpoints, specifically the DDR components that 

cancer cells tend to rely on for their survival.  
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Figure 1.7 

The ATM/ATR-mediated mammalian DDR pathway.                 

An accurately organised DDR signalling protects the genome against any type of 

DNA damage induction. In this context, the components of the DDR signalling 

detect and signal DNA-damaging factors to trigger the activation of the cell cycle 

checkpoints and DNA damage repair pathways. DDR employs a wide variety of 

enzymes such as kinases, nucleases, and helicases. The initial reaction of DDR is 

primarily maintained by the ATM and ATR kinases, which in turn activate DNA 

damage mediators and consequently downstream kinases and effector proteins in 

order to determine the cellular response to DNA damage (adapted from Sulli et al. 

(2012).    

The DDR signalling is a signal transduction cascade employing a 

variety of enzymes including kinases, nucleases, helicases, recombinases, 

glycosylases, ligases, topoisomerases, and phosphatases (Ciccia and 

Elledge, 2010). The initial DDR response is primarily maintained by the ATM 

and ATR kinases, which are the components of the PIKKs 

(phosphatidylinositol 3-kinase related kinases) family of serine/threonine 

protein kinases (Bakkenist and Kastan, 2004). Another member of the PIKK 

family is the DNA-PK (DNA-dependent protein kinase) kinase, which 

participates in DSB repair regulation together with ATM (Lieber et al., 2003). 

The ATM kinase orchestrates hundreds of substrates that are actively 
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involved in the HRR pathway, while DNA-PK primarily coordinates a smaller 

number of proteins that are mostly employed in the NHEJ pathway. 

Importantly, RPA (replication protein A)-coated ssDNA (single-strand DNA) 

regions created at stalled replication forks and DSBs recruit ATR, as a 

complex with ATRIP (ATR-interacting protein), which is thereafter activated 

to transmit DNA damage signal and control the corresponding DDR 

pathways (Ciccia and Elledge, 2010).  

The DNA damage sensor complex MRN and other factors including 

Ku70/80 and PARP proteins are reported to be initially activated upon 

formation of DSBs (Ciccia and Elledge, 2010). Activated MRN is recruited to 

the vicinity of DNA lesions; promoting activation of the ATM kinase by 

recruiting ATM at the DSBs site (Lee and Paull, 2004, Lee and Paull, 2005a). 

The ATM kinase initially activates many mediator proteins (e.g. adaptors, 

signal modifiers) through phosphorylation to amplify the DDR signal by 

serving as recruiters of ATM substrates (Ciccia and Elledge, 2010, Jackson 

and Bartek, 2009, Panier and Durocher, 2009, Thompson, 2012, Reinhardt 

and Yaffe, 2013, Panier and Durocher, 2013). The MRN complex and ATM 

kinase will be initially summarised in the following sections before reviewing 

the DNA damage repair pathways.    

The MRN complex 

The MRN multiprotein complex contains the MRE11 (meiotic recombination 

11), RAD50 and NBS1 (Nijmegen breakage syndrome 1, aka nibrin) proteins. 

As a DNA damage sensor, the MRN complex plays a key role in the initial 

detection of a DSB by regulating the activation of ATM kinase, and thereafter 

initiates and regulates DSB repair via the HRR and NHEJ repair mechanisms 

(Hopfner et al., 2001, Moreno-Herrero et al., 2005, Lee and Paull, 2005a, 

Rupnik et al., 2010, Stracker and Petrini, 2011). MRE11 is the core 

component of the MRN complex and forms a nuclease homodimer. The 

RAD50-MRE11 interaction stimulates MRE11’s DNA binding activity, ssDNA 

endonuclease activity and 3`-5` exonuclease activity. By taking advantage of 

these activities, MRN gains the capability to be able to initiate DNA end 
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resection to promote further DNA damage repair steps (Williams et al., 

2008).  

RAD50 is a member of a protein family termed as SMC (structural 

maintenance of chromosome), that have been identified to play a central role 

in supporting sister-chromatid cohesion and chromosome condensation in 

cells (Rupnik et al., 2010). RAD50 has an ATPase domain that comprises of 

an N-terminal Walker A motif and a C-terminal Walker B motif. These motifs 

are required for its activities to bind and partially unwind DNA double helix 

strands once ATP is available (“closed” form as illustrated in Figure 1.8) 

(Hopfner et al., 2001, Paull and Gellert, 1998). The ATPase domain is 

formed by bridging the two Walker motifs in close vicinity. A large coiled-coil 

(cc) domain between the motifs contains a “hinge” region that consists of a 

zinc-hook, supporting MRE11 complexes in recombination and repair 

(Hopfner et al., 2002). The fundamental functions of RAD50 are to tether the 

two ends of the broken DSB in close vicinity, and more significantly to link 

joints of ssDNA/dsDNA arising from stalled replication forks to avoid 

replication fork collapse (Costanzo et al., 2001, Trenz et al., 2006).  
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Figure 1.8 

Representative model of the MRN complex.              

MRE11 (dark grey) harbours the nuclease/dimerization and the capping domains, 

interconnected to the linker which associates with the coiled-coil (cc) domain of 

RAD50. RAD50 (light grey) has an ATPase domain formed by an N-terminal Walker 

A motif and a C-terminal Walker B motif, required for its activities of binding and 

partial unwinding DNA double helix strands when ATP is available (“closed”). The 

intramolecular and antiparallel cc domains bind to each other via the zinc hook (Zn 

hook) motifs. The closed form of the complex bears a higher binding affinity for DNA 

ends to tethering (adapted from  Paull (2016)).  

The third module of the MRN complex is NBS1 that contains a number 

of domains displaying PPI activities and supports MRE11 nuclease activity. 

The “Forkhead-associated” (FHA) domain accommodated at the N-terminus 

of the polypeptide shows a phosphorylation-dependent protein binding 

activity (Williams et al., 2009), which is essential for the phosphorylation-

regulated protein interactions. To exemplify, following DSB-induction H2AX 

protein is phosphorylated (which is then termed γH2AX), generating a 

binding site for NBS1 via the FHA domain, which further assists the MRN 

complex to be localised close to the vicinity of the DNA lesion (Kobayashi et 

al., 2002). Next to the FHA region, there are two motifs called BRCT (breast 

cancer 1 carboxy-terminal) (Becker et al., 2006) and a MRE11 binding 

domain positioned at the C-terminus (Williams et al., 2009). Additionally, the 

ATM binding domain is another key carboxyterminal motif, since studies 

suggest that this domain is also required for the ATM localisation to damaged 

chromatin (Falck et al., 2005).  

Null mutations of the MRN components have been revealed to be 

embryonically lethal, highlighting the significance of the MRN complex for 
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survival. Patients diagnosed with the NBS1 gene mutations have been 

observed to suffer from an autosomal recessive disorder known as NBS 

(Nijmegen breakage syndrome). These patients are likely to pose other risk 

factors including chromosomal instability, immunodeficiency and cancer 

predisposition (Varon et al., 1998). Likewise, ATLD (ataxia-telangiectasia-like 

disorder) is another example of a genomic instability syndrome induced by 

mutations in the MRE11 gene, displaying the same defect as observed in 

patients with an ATM deficiency (Stewart et al., 1999). Furthermore, inherited 

mutations in the RAD50 gene causes NBSLD (NBS-like disorder) (Stracker 

and Petrini, 2011). On the cellular level, cells with MRN deficiency show 

aberrant cell proliferation, amplified sensitivity to DNA damaging agents, 

dysfunctional cell cycle checkpoints, and suboptimal ATM activation (Rupnik 

et al., 2010, Stracker and Petrini, 2011, Williams et al., 2010).    

The ATM protein kinase 

As a member of the PIKKs-family, ATM is a central transducing kinase that is 

activated and recruited upon DSBs induction (Shiloh, 2003, Kastan and Lim, 

2000). As stated earlier, patients bearing a mutation in the ATM gene display 

the rare autosomal recessive disorder called A-T (Savitsky et al., 1995). A-T 

patients have a broad spectrum of symptoms, such as radiation 

hypersensitivity, cancer predisposition and neurodegeneration (Savitsky et 

al., 1995, Meyn, 1995), underscoring the significance of the ATM kinase as 

an important protector of genome stability.  

In the absence of any DNA lesion, ATM exists as a catalytically 

inactive homodimer which predominantly localises within the nucleus. In 

response to DNA lesion, ATM is recruited to damaged chromatin by the C-

terminus of NBS1, leading to ATM autophosphorylation at Ser1981, thereby 

stimulating dimer dissociation into catalytically active monomers (Bakkenist 

and Kastan, 2003, Lee and Paull, 2004, Lee and Paull, 2005b). Afterwards, 

more than 700 identified downstream targets that participate in the cell cycle 

regulation and DNA damage repair mechanisms are possibly phosphorylated 

by the active ATM kinase (Matsuoka et al., 2007). Among many others, 
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H2AX is immediately phosphorylated by ATM at Ser139 site (γH2AX) in 

response to DNA damage. Once phosphorylated, γH2AX interacts with 

MDC1 (mediator of DNA checkpoint protein 1), which serves as a scaffold 

protein to recruit RNF8 (ring finger protein 8) and RNF168 E3 ubiquitin (Ub)-

protein ligases. By ubiquitylating H2A, these two factors would establish 

docking spots for Ub-binding proteins including Rap80/Abraxas that mediates 

the recruitment of 53BP1 (p53-binding protein 1) and BRCA1 (breast cancer 

type 1 susceptibility). As explained in the following sections, 53BP1 and 

BRCA1 stimulate DSB repair through the NHEJ and HRR pathways, 

respectively (Ciccia and Elledge, 2010, Jackson and Bartek, 2009, Panier 

and Durocher, 2009, Thompson, 2012, Reinhardt and Yaffe, 2013, Panier 

and Durocher, 2013).   

Moreover, as elucidated in detail in section 1.5.2.1 (starting from page 

37), p53 is another essential target of ATM phosphorylation in response to 

DNA-damaging factors (Kastan and Bartek, 2004, Deckbar et al., 2010). 

Likewise, the ATM signalling cascade can induce the intra-S phase cell cycle 

checkpoint activation as already summarised in section 1.5.2.2, page 41 

(Kastan and Bartek, 2004). Importantly, the G2/M cell cycle checkpoint can 

also be activated by the ATM signalling cascade as already outlined in 

section 1.5.2.3, page 41 (Kastan and Bartek, 2004, Bartek and Lukas, 2003, 

Donzelli and Draetta, 2003).  

1.6.2 DNA double-strand break (DSB) repair pathways 

Among various DNA lesions, DSBs are extremely complicated to repair and 

can arise directly via physiological DNA metabolism (e.g. topoisomerase I/II) 

(Lindahl and Barnes, 2000, Khanna and Jackson, 2001) or after a continues 

exposure to exogenous factors (e.g. IR) (Curtin, 2012, Helleday et al., 2008). 

Alternatively, upon exposure to these factors, a DSB can also be indirectly 

formed when two SSBs occur in close vicinity, or when the DNA replication 

machinery penetrates into a SSB or other types of DNA lesions (Jackson and 

Bartek, 2009). This kind of DSBs that is produced indirectly by replication 
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fork collapse is called replication-associated DSBs (Shrivastav et al., 2008, 

Ciccia and Elledge, 2010, Helleday, 2010, Chapman et al., 2012).   

Although DSBs can cause numerous chromosomal alterations that 

can then induce malignant transformation through the loss of genome 

stability, DSB-inducing agents (e.g. IR, topoisomerase inhibitors) are 

commonly employed in cancer treatment to target and eliminate cancer cells. 

There are two well-identified DSB repair mechanisms: the NHEJ and HRR 

pathways. NHEJ is defined as an error-prone repair mechanism, that can be 

actively employed throughout the entire cell cycle phases, whereas HRR is 

described as an error-free mechanism which can cope with DSBs only in the 

late S and G2 stages of the cell cycle since it requires a homologous 

sequence that is positioned on the sister chromatid. Replication-associated 

DSBs have been reported to be significantly critical for cancer treatment as 

their repair processes mainly depends on the HRR pathway (Goldstein and 

Kastan, 2015). There are also alternative DSB repair mechanisms, which will 

be outlined in section 1.6.2.3, page 55. 

1.6.2.1 Classical non-homologous end-joining (c-NHEJ) repair      

In mammalian cells, the NHEJ repair mechanism is active throughout the 

entire cell cycle phases, with NHEJ having been highlighted as the 

predominant DSB repair pathway (Goodarzi and Jeggo, 2013). Following the 

recognition of a DSB, the first reaction in NHEJ is the recruitment of 

Ku70/Ku80 protein complex to the vicinity of DSB and after that, the catalytic 

subunit DNA-PKcs are activated and recruited towards the damaged DNA 

site (Figure 1.9). Active DNA-PK molecules phosphorylate and activate 

different downstream targets comprising of ligase IV, XRCC4 and XLF 

proteins. Consequently, the religation of two suitable DNA ends is performed 

by the XRCC4-ligase IV enzyme complex (Goldstein and Kastan, 2015).  
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Figure 1.9 

The NHEJ DSB repair mechanism.             

A DSB is detected and bound by the Ku complex (Ku70–Ku80 heterodimer), which 

in turn induces DNA-PKcs activation and recruitment towards the breakage. Active 

DNA-PKcs molecules phosphorylate and activate various downstream targets 

including the ligase IV, XRCC4, and XLF proteins. The religation of two suitable 

DNA ends is ultimately catalysed by the XRCC4-ligase IV enzyme complex. After 

the ligation of DSB ends by DNA ligase IV, the DNA-repair components are 

removed (adapted from Lopez-Contreras (2012)). 

1.6.2.2 Homologous recombination repair (HRR) pathway 

In mammalian cells, the HRR mechanism becomes active when an 

undamaged DNA template is available, which is used for restoring sequence 

information precisely. Therefore, the HRR mechanism becomes functional 

only in late S and G2 phases when a sister chromatid is accessible 

(Goodarzi and Jeggo, 2013, Ciccia and Elledge, 2010, Chapman et al., 2012, 

Jasin and Rothstein, 2013, Krejci et al., 2012). Most of the reports separate 

HRR into six different stages (Goodarzi and Jeggo, 2013) as follows: (i) 3` 

ssDNA generation by the 5’-3’ end resection, (ii) recruitment of RPA on 

resected 3` ssDNA overhangs, (iii) displacement of RPA by RAD51 assisted 

by BRCA2 (breast cancer type 2 susceptibility) to form RAD51 nucleoprotein 

filaments, (iv) strand invasion, formation of displacement loop (D-loop) and 
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Holliday junction formation, (v) branch migration, and (vi) resolution of the 

Holliday junctions (Figure 1.10).  

 

 

 

 

 

 

 

 

 

Figure 1.10 

The HRR DSB repair mechanism.                       

Once a DSB is recognised by MRN, RAD50 keeps the broken DNA ends together, 

the MRE11 endonuclease together with CtIP nicks the 5` strand at a distance from 

the DSB to trigger DSB resection. Consequently, specific sections of DNA at the 5' 

ends of the break are nucleolyticly resected by nucleases creating an 3` ssDNA 

overhangs, which in turn promotes binding of RPA to the ssDNA tails. The RPA 

molecules are displaced by RAD51 to form nucleoprotein filaments, which is 

mediated by the BRCA1-PALB2-BRCA2 complex. The ssDNA-RAD51 

nucleofilament invades into a homologous DNA sequence and the D-loop formed 

after strand invasion step is extended by DNA synthesis. Once strand exchange 

takes place, the resulting Holliday junction formation is resolved (adapted from 

Buisson et al. (2010)).  

Following DSB recognition by the MRN complex, RAD50 keeps the 

broken DNA ends together, while the MRE11 endonuclease along with the 

CtIP nuclease nicks the 5` strand at a distance from the DSB to trigger initial 

DSB end resection. Next, specific sections of DNA at the 5' ends of the break 

are further resected by nucleases including EXO1 (Exonuclease 1) and 

DNA2 to generate 3` ssDNA tails, which are then coated by the RPA 
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complex (consisting of RPA70, RPA32, and RPA14). The trimeric RPA 

complex harbours high binding affinity for 3` ssDNA overhangs, causing 

inhibition of RAD51 loading and the HRR progression (Ciccia and Elledge, 

2010, Jasin and Rothstein, 2013, Krejci et al., 2012). However, the BRCA1-

PALB2-BRCA2 and BRCA1-BARD1 (BRCA1-associated RING domain 

protein 1) complexes have been demonstrated to assist RAD51 loading to 

the 3` ssDNA tails (Buisson et al., 2010, Deans and West, 2011, Densham et 

al., 2016).  

The two different domains of BRCA2 has been shown to interact with 

RAD51: BRC repeats and the carboxy-terminal domain. The interaction 

between BRC repeats and RAD51 monomers has been indicated to be 

essential for the subsequent RAD51-ssDNA nucleofilament formation. 

However, RAD51 polymers interact with the BRCA2 C-terminus, which 

assists to protect RAD51-ssDNA nucleofilament formation from disassembly 

by BRC repeats (Esashi et al., 2007, Davies and Pellegrini, 2007, Schlacher 

et al., 2011). It has been reported that the C-terminal region of BRCA2 that 

interacts with RAD51 is phosphorylated by CDKs at Ser3291 site, which 

abolishes RAD51-ssDNA nucleofilament formation (Esashi et al., 2005). As 

mentioned earlier, upon DNA damage the CDK kinase activity is inhibited 

throughout different DDR pathways such as the ATM/p53/p21 and 

ATM/CHK2/CDC25 cascades (Kastan and Bartek, 2004). Significantly, in 

response to DNA damage or during the cell cycle, reduced CDK-dependent 

Ser3291 phosphorylation of BRCA2 has been reported to promote 

interactions between the BRCA2 C-terminus and RAD51, which 

consequently stimulate and stabilise RAD51 nucleofilament formation on 

ssDNA (Esashi et al., 2005, Esashi et al., 2007, Schlacher et al., 2011). Of 

note, numerous novel mechanisms have been recently described to involve 

in the CDK-mediated Ser3291 phosphorylation of BRCA2 and RAD51 

nucleoprotein stability including RASSF1A-LATS1 (Pefani et al., 2014) and 

cyclin D1 (Chalermrujinanant et al., 2016).  

Besides CDKs, PLK1 has also been established to be a cell cycle 

regulator (Ma and Poon, 2011b). Strinkingly, the cell cycle- and DNA 

damage-dependent RAD51 phosphorylations initially by PLK1 at Ser14 and 
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subsequently by CK2 (casein kinase 2) at Thr13 have been suggested to 

promote RAD51 recruitment onto ssDNA through NBS1 binding (Yata et al., 

2012). In this context,  reports have lately revealed that the PLK1-based 

phosphorylation of RAD51 at Ser14 residue is facilitated by BRCA2 (Yata et 

al., 2014) and also by TOPBP1 (topoisomerase II-binding protein 1) (Moudry 

et al., 2016), which in turn is likely stabilise RAD51-dependent genome 

maintenance.  

Additionally, through the binding to BRCA2, the PALB2 protein 

(partner and localizer of BRCA2) controls its localisation and stability, 

specifically during the recruitment of RAD51 to the RPA-coated ssDNA (Xia 

et al., 2006). Moreover,  RAD52 is also considered to promote the accurate 

localisation of RAD51 by forming a complex with RAD51 to suppress the 

inhibitory effect of RPA (San Filippo et al., 2008).  

Consequently, the RAD51-coated 3` ssDNA overhangs invade the 

intact homologous DNA strands, a process called “the strand invasion step”. 

The RAD51-coated 3` strand is employed as a primer for DNA synthesis, 

yielding a repaired chromosome (Downs et al., 2007, Chapman et al., 2012, 

Krejci et al., 2012). The D-loop generated after strand invasion step is 

extended by DNA synthesis until it can join to the second end over the 

complementary sequence. Once strand exchange occurs, the resulting 

Holliday junction formation is resolved (Chapman et al., 2012). In this 

respect, BRIP1 (BRCA1-interacting protein C-terminal helicase 1) has been 

revealed to finalise the HRR by inhibiting premature recombination activities 

by virtue of its helicase activity. Furthermore, a RAD51 paralog, RAD51C has 

been also shown to be employed in the later phase of HRR for the resolution 

of Holliday junctions (Kim and D'Andrea, 2012).       

In contrast to NHEJ, the HRR process is slower and restricted to the 

late S and G2 phases of the cell cycle due to the employement of sister 

chromatids as templates, providing error-free repair (Chapman et al., 2012). 

In the G1 cells, when HRR is not functional, DNA end resection and 

formation of RPA coated ssDNA tails events are prevented by 53BP1-RIF1 

(Rap1-interacting factor 1) complexes, causing NHEJ to be active (Daley and 

Sung, 2013). Conversely, CDK-phosphorylated CtIP drives DSB end 



 

55 

 

resection in the S/G2 cells. This event is mediated by the BRCA1-dependent 

clearance of 53BP1-RIF1 complexes from the DSB sites, which in turn 

stimulates recruitment of the MRN complex to damaged chromatin and 

consequently promotes DNA repair by the BRCA1/2-mediated HRR pathway 

(Sartori et al., 2007, Daley and Sung, 2013, Chapman et al., 2012). In other 

words, 53BP1 protein prevents CtIP in G1 to inactivate resection, whereas 

the BRCA1 protein stimulates abstraction of 53BP1 in the S phase to allow 

CtIP-assisted resection. The fundamental point in the choice of which repair 

pathway should be activated is the competition between protection and 

resection of DSB ends (Symington and Gautier, 2011, Chapman et al., 2012, 

Daley and Sung, 2013).  

Notably, loss of HRR functionality induces increased genome 

instability, which at the same time, render cancer cells sensitive to DNA 

crosslinking agents (please see section 1.7.2.1, page 64) and PARP 

inhibitors where HRR is exclusively required (Lord and Ashworth, 2016). This 

is further explained in section 1.7.3.3, page 72. 

1.6.2.3 Alternative DSB repair pathways (MMEJ and SSA) 

In addition to previously explained DSB repair pathways, there are two other 

DSB repair mechanisms namely MMEJ (microhomology-mediated end 

joining) and SSA (single strand annealing). MMEJ mechanism can be 

supported by c-NHEJ and alt-NHEJ (alternative-NHEJ) repair pathways, and 

it employs short homologous sequence fragments (microhomologies) to 

affiliate DSB ends before ligation step. Although alt-NHEJ and MMEJ 

pathways are mostly pointed as synonyms, alt-NHEJ process serves 

possibly as only a type of the MMEJ sub-pathways (Goodarzi and Jeggo, 

2013). Given that alt-NHEJ does not possibly become active unless c-NHEJ 

is dysfunctional, alt-NHEJ can be considered as backup process for c-NHEJ 

(Iyama and Wilson, 2013). Notably, c-NHEJ factors including Ku70/Ku80 and 

Ligase IV are not utilised in the alt-NHEJ pathway, whereas alt-NHEJ 

contains PARP1, XRCC1, Ligase I/III, and the MRN complex (Goodarzi and 

Jeggo, 2013).  
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The biology of the induced DSB is an essential determinant of which 

repair pathway to be used to correct the nucleotide fragments. In this regard, 

the SSA mechanism can be utilised when the induced DSB is bordered by 

repetitive homologous sequences on both sides of the breakage (Iyama and 

Wilson, 2013). This mechanism enables the DSB ends to anneal with each 

other following resection without strand invasion that appears in the HRR 

pathway. Therefore, RPA and other HRR factors are required but not RAD51 

during SSA, since the SSA mechanism does not require sister chromatid 

exchange to repair DSBs (Iyama and Wilson, 2013). Remarkably, the SSA 

mechanism can induce a deletion while dealing with DSBs, hence SSA has 

the potential to be error-prone in comparison to HRR.                   

1.6.3 DNA interstrand crosslink (ICL) repair 

DNA inter-strand crosslink (ICL)-forming agents (e.g. mitomycin C) generate 

covalent links between two strands of the same DNA helix, causing a fatal 

cytotoxicity by effectively blocking both DNA transcription and DNA 

replication. The initial recognition and repair of ICL formations, which can be 

induced either before or during DNA replication, require a specialised DNA 

repair pathway. The Fanconi anaemia (FA) pathway is crucial for the repair 

of ICL lesions induced during DNA replication (Deans and West, 2011, 

Williams et al., 2013).  

As a genome instability disorder causing cancer predisposition, FA is 

prompted by a germline defect in genes contributing to ICL resolution. The 

FA pathway consisting of at least 15 proteins can be divided into three 

subgroups: the multiprotein FA core complex (an ubiquitin E3 ligase 

complex; FANC-A/B/C/E/F/G/L/M), the FANCD2–FANCI complex, and 

downstream FA proteins (FANCD1/BRCA2, FANCJ/BRIP1 and 

FANCN/PALB2). The FA core complex stimulates the FANCD2–FANCI 

monoubiquitination in response to DNA damage. Significantly, the FANCD2 

mono-ubiquitination coordinates several DNA repair pathways including 

NER, TLS (translesion DNA synthesis) and HRR, which are essential for the 
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resolution of ICL lesions (Deans and West, 2011, Williams et al., 2013, 

Andreassen and Ren, 2009).   

During DNA replication, ICL lesion stalls the replication fork by 

inhibiting helicase progression, which in turn deploys “replication-dependent 

ICL repair” requiring HRR (as demonstrated in Figure 1.11) (Williams et al., 

2013). Initially, the FANCM/FAAP24 DNA damage sensor assists recognition 

of the ICL lesion and subsequently initiates the repair pathway. Notably, the 

FANCM/FAAP24 complex immediately activates cell cycle checkpoints 

through the ATR-CHK1 signalling (Collis et al., 2008), particularly upon ICL-

forming agents which robustly distort the double helix (e.g. cisplatin). 

Specifically, the resulting ssDNA formation is rapidly coated by the RPA 

complex, which subsequently interacts with ATRIP, and afterward induces 

ATR-mediated checkpoint activation (Zou and Elledge, 2003). Several DNA 

endonucleases such as MUS81-EME1 and XPF-ERCC1 can promote the 

removal of ICL from both strands of DNA; a process termed “unhooking”. As 

a result of the unhooking process, a stalled replication fork is converted into a 

DSB, which is then repaired by the HRR pathway (Williams et al., 2013, 

Andreassen and Ren, 2009). Importantly, cells with HRR deficiency are 

hypersensitive to ICL-forming agents, highlighting the significance of HRR for 

the precise resolution of ICLs (Wang and Gautier, 2010, Deans and West, 

2011, Kim and D'Andrea, 2012, Williams et al., 2013).  
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Figure 1.11 

The Fanconi anaemia (FA) pathway.                   

An ICL is recognised by FANCM, leading to the localisation of the FA core complex 

and FANCD2-FANCI mono-ubiquitylation, which then recruits nucleases and 

polymerases for the ICL repair. HRR is involved in ICL repair, which is regulated by 

the recruitment of BRCA1, FANCN (aka PALB2) and BRCA2 complexes in order to 

stabilise the stalled replication fork (adapted from Deans and West (2011)).  

The accurate localisation of RAD51 onto resected 3` ssDNA tails and 

the following strand invasion stages are recognised as critical steps in the 

HRR pathway as already explained in section 1.6.2.2, page 51 (Goodarzi 

and Jeggo, 2013, Ciccia and Elledge, 2010, Jasin and Rothstein, 2013). 

Intriguingly, multiple downstream constituents of the FA pathway, such as  

FANCD1 (aka BRCA2), FANCN (aka PALB2), FANCJ (aka BRIP1), and 

FANCO (aka RAD51C) have been indicated to be able to directly participate 

in these processes (Kim and D'Andrea, 2012). Significantly, to finalise the 

ICL repair, the FA pathway promotes HRR while silencing NHEJ pathway, 

which suggests that the FA pathway renders ICL-induced DSBs to be 
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accurately repaired by HRR (Adamo et al., 2010), highlighting why HRR 

deficiency can sensitise cells to ICL-inducing agents.         

1.6.4 Other DNA damage repair pathways  

1.6.4.1 Base excision repair (BER) 

The BER pathway is responsible for coping with damaged bases in DNA, 

such as N-alkylated purines and 8-oxo-7,8-dihydroguanine (8-OxoG), abasic 

sites and SSBs throughout all phases of the cell cycle (Iyama and Wilson, 

2013). The BER pathway is predominantly responsible for the removal of 

non-bulky small nucleobase modifications, cleaving and replacing faulty base 

(e.g. uracil) or damaged (e.g. 3-methyladenine, 8-oxoG) bases generated by 

deamination, oxidation or alkylation. Briefly, an incorrect base or damaged 

substrate is detected and excised by specific DNA glycosylases, revealing an 

AP (apurinic or apyrimidinic) site intermediate, followed by an incision of the 

AP site by an AP endonuclease or AP lyase. After detachment of the 

protruding sugar fragment by a phosphodiesterase enzyme, a displacement 

reaction of either a single nucleotide (called short-patch BER) or up to 13 

nucleotides (called long-patch BER) arises at the cleaved DNA site. 

Following DNA synthesis by a DNA polymerase, the nick is sealed by a DNA 

ligase enzyme. DNA ligase III, XRCC1, and PARP1 enzymes participate in 

the process of short-patch BER, on the other hand, DNA ligase I and PCNA 

(proliferating cell nuclear antigen) are employed in the long-patch BER 

pathway (Christmann et al., 2003, Kim and Wilson, 2012). SSBs are initially 

recognised by PARP1 (poly [ADP-ribose] polymerase 1) enzyme, catalysing 

the formation of PAR (poly-ADP-ribose) chains on itself and other proteins 

(termed PARylation) to stimulate the recruitment of dedicated BER and DNA 

repair components such as XRCC1, Ligases I and III (Iyama and Wilson, 

2013, Goldstein and Kastan, 2015). Importantly, PARP (BER) inhibitors have 

recently gained much attention due to their very promising effects in cancer 

treatments (Lord and Ashworth, 2016, Wang et al., 2016) as elaborated in 

more detail in section 1.7.3.3, page 72.   
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1.6.4.2 Nucleotide excision repair (NER) 

The NER pathway serves to fix “bulky” DNA adducts including UV-induced 

lesions, intra-strand crosslink formations generated by genotoxic agents such 

as cisplatin, ROS-induced base modifications, and others (Iyama and Wilson, 

2013). Additionally, NER participates in the initial steps of ICL repair before 

the resulting DSB substrate is completely corrected by the HRR pathway. 

NER has two distinct sub-pathways referred as transcription-coupled NER 

(TC-NER) that fixes DNA adducts blocking RNA polymerase movement on 

the DNA strand, and global genomic NER (GG-NER) that functions 

independent from transcription. The GG-NER and TC-NER sub-pathways 

drive different recognition steps of DNA lesions, and share the remaining 

DNA repair machinery. In the NER pathway, the XP (Xeroderma 

pigmentosum) protein family is responsible for the instant detection of the 

DNA lesion to initiate DNA unwinding and then specific cleavage of the lesion 

by XPG and ERCC1-XPF proteins. After the removal of the damaged DNA 

fragment, the gap is filled by DNA polymerases and subsequently DNA 

ligation is carried out by ligase I enzyme (Christmann et al., 2003, Goldstein 

and Kastan, 2015, Iyama and Wilson, 2013).                  

1.6.4.3 Mismatch Repair (MMR) 

The MMR pathway deals with the recognition and removal of base 

mismatches and IDL (insertion-deletion loops) which are induced 

spontaneously by replication errors and homologous recombination 

mistakes. MMR is highly significant to maintain faithful genomic transmission 

across generations by selectively detecting and repairing mismatch errors on 

the newly synthesised DNA strand. The mismatch error is first recognised by 

the MutSα protein complex, containing MSH2 and MSH6 proteins. The 

MutSα complex is specifically loaded to the lesion site in complex with the 

MutLα complex consisting of MLH1/3 and PMS1/2 proteins. After the 

endonucleases PMS2 and MLH3 introduce an incision at the location of the 

DNA lesion, a multi-nucleotide gap is formed by the exonuclease EXO1 

(Exonuclease 1), and the gap is then filled and ligated by DNA polymerase δ 
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and Ligase I, respectively (Iyama and Wilson, 2013, Jiricny, 2006, Goldstein 

and Kastan, 2015).   

1.7 Cancer treatments with DNA damaging agents  

The main goal of cytotoxic radiotherapy and chemotherapy is to eradicate 

tumour cells without harming normal tissue cells. A large number of cancer 

therapy agents including IR and chemotherapeutics target DNA to introduce 

unendurable cytotoxic lesions which can activate cell cycle checkpoints, 

further leading to the cell cycle arrest and ultimately apoptosis. IR, DNA 

cross-linking agents, topoisomerase inhibitors and DNA methylating agents 

are commonly utilised in cancer treatments, each promoting different types of 

DNA damages that is repaired by specialised DNA repair mechanisms 

(Figure 1.12). These agents can cause cell death by either directly or 

following DNA replication. Thus, DNA-damaging cancer therapy is more 

cytotoxic to replicating cells compared to non-replicating cells, underlying the 

success of DNA-targeting cancer treatment since tumour cells proliferate 

rapidly in most cases (Helleday et al., 2008, Veuger and Curtin, 2014). DNA 

lesions introduced during DNA replication cause lethal mutations or cell 

death by blocking, or even collapsing, DNA replication fork (Veuger and 

Curtin, 2014).   
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Figure 1.12 

DNA damages caused by radiotherapy and chemotherapy agents, and the 

repair pathways dealing with these lesions.                      

Each colour signifies a specific repair mechanism repairing a particular DNA lesion. 

IR induces various types of DNA damages including DSBs, SSBs and 8-OxoG 

adducts. In addition, camptothecin induces both DSBs and SSBs, and etoposide 

introduces DSBs due to the inhibition of topoisomerase I and II, respectively. DSBs 

are repaired by the DNA-PK-mediated NHEJ and/or ATM-mediated HRR 

mechanisms. SSBs and chemical adducts are corrected by the PARP1/APE1-

depedent BER pathway. Significantly, cisplatin and other DNA crosslinking agents 

cause intra- and inter-strand crosslinks (ICL). Intra-strand crosslinks are fixed by 

NER, whereas ICL formations are repaired by a specialised ICL repair system that 

contains FA, NER, TLS and HRR pathways (modified from Goldstein and Kastan 

(2015).  

Healthy cells have a well-coordinated DDR and several DNA repair 

mechanisms (Lindahl, 1993, Lindahl and Wood, 1999), which, at the same 

time, may offer therapy resistance to tumour cells by reducing the toxicity of 

DNA-targeting agents. Indeed, tumour cells can gain therapeutic resistance 

by increasing the activities of compensatory DDR and repair pathways 

(Curtin, 2012). Hence, the DDR and repair mechanisms have become 

promising therapeutic targets for novel personalised cancer therapy 

strategies, which are summarised in section 1.7.3, page 69.      
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1.7.1 Radiotherapy  

Radiation therapy is a main cancer treatment modality, which is commonly 

used to treat cancer patients, particularly with solid tumours (e.g. breast, 

uterine, lung, pancreatic, prostate and testicular cancer). Ionising radiation 

(IR) induces DNA damage by numerous mechanisms (e.g. base damage, 

crosslinking, SSBs and DSBs), which are introduced either directly via 

damaging DNA molecules or indirectly by generating free radicals. 

Importantly, it is estimated that 1 Gy radiation results in around 1,000 SSBs 

and 35 direct DSBs per cell (Veuger and Curtin, 2014, Goldstein and Kastan, 

2015). Intriguingly, IR-induced base modifications and SSBs can also 

indirectly cause cytotoxic replication-associated DSBs by obstructing the 

replication fork progression (Goldstein and Kastan, 2015). Significantly, the 

NHEJ is the principal mechanism in repairing direct DSBs, whereas the HRR 

pathway is actively employed to deal with replication-associated DSBs in 

collaboration with other repair pathways (Figure 1.12) (Helleday et al., 2008), 

highlighting the importance of efficient HRR for the outcome of radiation 

treatment. However, since IR introduces a variety of DNA damage forms, 

different DNA repair mechanisms are employed alone or (mostly) in 

collaboration to deal with the damage, with HRR being the only one of them 

(Santivasi and Xia, 2014).            

1.7.2 Chemotherapy  

Background  

In addition to radiation therapy, chemotherapy is another major treatment 

option, which is extensively used alone or in combination with radiotherapy 

and/or personalised therapeutics. Chemotherapy agents can be categorised 

depending on numerous aspects including their mechanism of actions and 

chemical compositions (Figure 1.12). The common mechanistic action of 

therapeutics that target replication fork progression is to introduce chemical 

adducts to DNA bases so that they can directly damage DNA to inhibit cell 

division. These are termed as alkylating agents, which are electrophilic 
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compounds bearing a covalent binding affinity for electron-rich atoms 

(oxygen and nitrogen) in DNA bases (Helleday et al., 2008). Bifunctional 

alkylating (crosslinking) agents possess two reactive sites to induce 

crosslinks between DNA and proteins or between DNA bases. There are two 

types of crosslinking agents: (i) intra-strand crosslinking agents that 

covalently bind to two bases within the same DNA strand, (ii) inter-strand 

crosslink (ICL)-inducing agents that covalently link two bases located on 

opposite DNA strands, frequently causing replication-associated DSBs owing 

to replication fork collapse. DNA damages induced by intra-strand 

crosslinking agents are less cytotoxic compared to those induced by ICL-

inducing agents since during DNA replication some polymerases can bypass 

such intra-strand lesions (Helleday et al., 2008, Deans and West, 2011, 

Goldstein and Kastan, 2015).  

In addition to crosslinking drugs, topoisomerase inhibitors are also 

among the commonly used anticancer agents in the clinic (Helleday et al., 

2008, Deans and West, 2011, Goldstein and Kastan, 2015). In the next 

sections, we will first describe ICL-inducing agents and review 

topoisomerase inhibitors, followed by summarising examples of other DNA-

damaging agents. 

1.7.2.1 DNA inter-strand crosslink (ICL)-inducing agents  

The two strands of DNA double helix are separated during cellular processes 

including transcription and replication. ICL-forming agents including nitrogen 

mustards, mitomycin C (MMC) and cisplatin are among the most cytotoxic 

drugs since they obstruct strand separation (Curtin, 2012, Deans and West, 

2011, Goldstein and Kastan, 2015). They can cause irreversible covalent 

linkage via several chemical interactions with two bases on opposing DNA 

strands. All ICL-forming agents used in the clinic have broadly similar 

mechanism of action. However, since each ICL-inducing drug displays 

distinctive base specificity, the produced structural modifications in the DNA 

bases can trigger different cellular responses (Williams et al., 2013, Deans 

and West, 2011, Goldstein and Kastan, 2015). ICL-inducing compounds are 
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particularly deleterious since ICL repair requires specialised repair of the 

lesion induced on both DNA strands (Noll et al., 2006, Deans and West, 

2011). The specialised ICL repair process involves the FA (please see 

section 1.6.3, page 56), NER (please see section 1.6.4.2, page 60) and HRR 

(please see section 1.6.2.2, page 51) pathways.  

Mitomycin C is classified as a bifunctional alkylating compound and is 

used to treat cancer patients with different tumours including cervical, 

pancreatic, stomach, breast and lung cancer (Noll et al., 2006, Bradner, 

2001). In contrast to the nitrogen mustards that form crosslinks throughout 

the major groove of DNA, mitomycin C interact with the minor groove of DNA 

to interfere with transcription and replication of DNA. Significantly, this may 

suggest that the mitomycin C-mediated ICL formations located on the minor 

groove lead to minimal disturbance to the overall DNA structure, which could 

be a critical determining factor for the initial detection of ICLs in cellular DNA 

(Noll et al., 2006, Bradner, 2001).  

Platinum agents including cisplatin, carboplatin and oxaliplatin are 

also extensively used in the clinic. Of those, cisplatin is a bifunctional 

platinum-containing anticancer agent that is particularly used to treat patients 

with testicular, bladder, cervical, non-small cell lung, ovarian, and breast 

cancer along with other tumours. Cisplatin molecules react primarily with 

guanine by forming covalent adducts with the N7-nitrogen of purine bases 

(Noll et al., 2006, Huang and Li, 2013).  

Although there are several other DNA crosslinking agents such as 

nitrogen mustards and psoralens, mitomycin C and cisplatin are effectively 

used in a broad range of cancer treatments. Cancer cells require a 

collaboration of various functional DNA repair mechanisms to cope with the 

damage induced by mitomycin C and cisplatin (Noll et al., 2006, Williams et 

al., 2013, Deans and West, 2011). Therefore, their effect most likely offers 

more specific and selective targeting since some of the repair pathways may 

be impaired in cancer cells during cellular transformation. Thus, mitomycin C 

and cisplatin are also widely utilised in pre-clinical studies to assess the 

damage repair capacity of cancer cells with different settings.      
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1.7.2.2 Topoisomerase inhibitors 

DNA topoisomerase enzymes are in charge of resolving torsional strains by 

cutting the phosphate backbone of the ssDNA or dsDNA to untangle 

supercoiled DNA, which is produced during transcription, replication or 

chromatin remodelling (Champoux, 2001, Pommier et al., 2010). The 

deliberately broken DNA backbone needs to be resealed again at the end of 

these processes; however, topoisomerase inhibitors can inhibit resealing 

activity by trapping the enzymes in complex with modified DNA strand. 

Topoisomerase enzymes are divided into two groups: type I and type II, 

hence, the type of induced damage depends on which enzyme is inhibited. 

Topoisomerase I enzymes transiently break DNA strands one at a time 

(Pommier, 2006); whereas topoisomerase II enzymes break both strands of 

the DNA double helix at the same time (Nitiss, 2009). Therefore, while 

topoisomerase I inhibitors (e.g. camptothecin) most likely induce SSBs and 

replication-associated DSBs, topoisomerase II inhibitors (e.g. doxorubicin) 

typically induce direct DSBs. Repair of topoisomerase inhibitor-mediated 

DNA damage contains several key steps: (i) recognition of drug-protein-DNA 

complex as DNA damage, (ii) exclusion of the protein that is linked to DNA, 

(iii) subsequent repair of the strand breaks. Thus, a number of DNA repair 

pathways have been demonstrated to deal with the damages caused by 

topoisomerase inhibition. In case cells fail to repair these lesions, apoptotic 

pathways are triggered to eliminate damaged cells (Wang, 2002, Helleday et 

al., 2008, Veuger and Curtin, 2014, Pommier et al., 2010).  

As a topoisomerase I inhibitor, camptothecin (CPT) stabilises the 

DNA-topoisomerase I covalent complex by binding to both DNA and the 

enzyme via hydrogen bonds. Generation of this ternary complex prohibits 

DNA relegation, thereby inducing DNA damage (e.g. SSBs and replication-

associated DSBs) (Adams et al., 2006, Ulukan and Swaan, 2002). 

Significantly, topoisomerase I inhibitors cannot directly introduce DNA 

damage and topoisomerase I enzyme is the only cellular target of 

camptothecin (Pommier, 2006). Therefore, the repair of camptothecin-

induced DNA damage is very likely to be less complicated compared to the 

other anticancer agents (e.g. doxorubicin) that target various factors to 
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induce damage. The BER pathway (please see section 1.6.4.1, page 59) 

plays a significant role in the initial repair of camptothecin-induced lesions, 

which explains why cells with PARP1-deficiency are hypersensitive to 

topoisomerase I inhibitors (Benafif and Hall, 2015). However, the most 

cytotoxic mechanism of camptothecin is replication fork collapse, inducing 

replication-associated DSBs, therefore its toxicity is considered to be cell 

cycle specific (Pommier, 2006).  In this case, the HRR pathway (please see 

section 1.6.2.2, page 51) is required for an efficient and accurate DNA repair 

(Pommier, 2006, Deans and West, 2011). Colorectal, lung, and ovarian 

cancer patients are among those who are commonly treated with 

camptothecin and its pharmaceutical derivatives (e.g. topotecan and 

irinotecan) (Takimoto et al., 1998, Pommier, 2006).   

The topoisomerase II enzyme has also been pharmaceutically 

targeted in cancer treatment by using topoisomerase II inhibitors, notably 

doxorubicin and etoposide. In contrast to topoisomerase I inhibitors, the 

presence of active DNA replication is not compulsory to generate DSBs in 

the cells exposed to topoisomerase II inhibitors (Pommier, 2006, Nitiss, 

2009). 

Doxorubicin, an anthracycline antitumor antibiotic, is an extensively 

used anticancer agent in various clinical settings to treat cancer patients 

including those with bladder, lung, and ovarian cancer (Nitiss, 2009, Tacar et 

al., 2013). Doxorubicin damages cells through various cytotoxic and 

antimitotic activities. Doxorubicin can block the topoisomerase II activity by 

stabilising the enzyme-DNA complex. The topoisomerase enzyme-DNA 

complex impairment ceases the religation of deliberately broken DNA strands 

that is initially catalysed by the topoisomerase enzymes, thereby ultimately 

causing DSBs (Nitiss, 2009, Tacar et al., 2013). Further, doxorubicin 

intercalation inhibits the activities of topoisomerases as well as DNA and 

RNA polymerases (therefore doxorubicin is also named as topoisomerase 

poison), ultimately interfering with DNA replication and RNA transcription and 

causing cellular death (Tacar et al., 2013).  

As a cytotoxic anticancer drug and topoisomerase II inhibitor, 

etoposide prohibits DNA synthesis by generating a ternary complex between 
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DNA and the topoisomerase II enzyme. This hampers religation of the 

broken DNA strands; inducing DSBs. Accumulation of DSBs prevents mitotic 

entry, consequently leading to cell death. In the clinic, especially patients with 

small cell lung and testicular cancer are commonly treated with etoposide 

(Pommier et al., 2010).  

It has been suggested that etoposide-induced DSBs are less 

complicated compared to those induced by doxorubicin. Specifically, 

doxorubicin does not only block the topoisomerase II enzyme but also 

induces other lesions through DNA intercalation and the generation of ROS, 

which effects the damage repair kinetics and possibly repair pathway choice. 

For instance, following removal of doxorubicin, a second DNA damaging 

effect is sustained by the presence of doxorubicin molecules intercalated 

directly at the vicinity of DSBs (which keeps distorting DNA), in contrast to 

etoposide molecules being directly bound to the topoisomerase II enzyme 

(Capranico et al., 1990, Pommier et al., 1991).  

1.7.2.3 Other DNA damaging agents 

There are many other chemotherapeutics commonly used as anticancer 

agents. Considerably, DNA replication inhibitors target and block DNA 

synthesis in various ways. For instance, ribonucleotide reductase, required 

for the dNTP-production used in DNA synthesis, is inhibited by hydroxyurea 

(HU), while aphidicolin (APH) is employed to directly block DNA polymerase 

enzymes. They both interfere with replication fork stability and consequently 

cause numerous DNA lesions, such as DSBs (Helleday et al., 2008, 

Petermann et al., 2010). Antimetabolites (e.g. 5-fluorouracil, 5FU) inhibit 

nucleotide metabolism by depleting dNTP pool, threatening fork stability and 

thereby inducing cell death. Furthermore, radiomimetic drugs (e.g. 

bleomycin) introduce direct DSBs (DNA replication-independent DSBs), and 

therefore, these drugs are considered to be more efficient to eradicate non-

dividing cells (Helleday et al., 2008).  
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1.7.3 Personalised therapy: synthetic lethal approaches  

Although conventional chemotherapy drugs have been widely used in the 

treatment of cancer patients for decades, there are a number of major 

problems with these therapeutics. For instance, chemotherapy drugs do not 

specifically and selectively kill tumour cells, since they can also potentially 

target normal cells, especially rapidly dividing healthy cells such as those 

present in the bone marrow and hair follicles (Helleday et al., 2008). 

Moreover, the cancer cells forming the tumour mass are generally in different 

cell cycle stages and often have different transcriptional profiles of genes 

involved in significant biological processes. These intra-tumour 

heterogeneities, although mostly ignored by conventional cancer treatments, 

can affect the outcome of the cellular response to radio- and 

chemotherapeutics (Shepherd, 2003, Curtin, 2012). Therefore, further 

understanding of the molecular and biochemical mechanisms driving the 

treatment response has become crucial in the management of cancer 

treatment (Helleday et al., 2008, Curtin, 2012, Jackson and Helleday, 2016).     

Synthetic lethality in the context of DDR therapeutics is defined as a 

circumstance where a combination of two DDR deficiencies leads to 

endogenous DNA damage accumulation resulting in cell death, while only 

one of these deficiencies does not elicit cell death (Curtin, 2012, Helleday et 

al., 2008). For cancer research, this approach can be utilised therapeutically 

to target tumour cells where one of the DDR pathways is impaired, and its 

corresponding compensatory pathway is blocked via a targeted small 

molecule drug (Helleday et al., 2008). Notably, the therapeutic compounds 

which target APE1 and PARP (blocking the BER pathway), ERCC1-XPF 

(NER), MLH1 (MMR), DNA-PKs (NHEJ), MRE11, RAD51 and BRCA1 

(HRR), and ATM, ATR, and CHK1/2 are currently under pre-clinical and 

clinical investigation in the context of synthetic lethality (Curtin, 2012, Veuger 

and Curtin, 2014, Kelley et al., 2014, Rabenau and Hofstatter, 2016). 

Principally, this approach should selectively eradicate tumour cells without 

harming normal tissue cells, since healthy cells have all DDR pathways 

functional to protect their DNA from endogenous damage accumulation 

(Veuger and Curtin, 2014, Dietlein et al., 2014, Lord et al., 2015). In the 
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following parts, we will outline our current knowledge in regards to DDR 

inhibitors with specific emphasis on inhibitors of ATM, DNA-PK and PARP, 

which are being widely investigated in various preclinical and clinical settings 

(Veuger and Curtin, 2014). 

1.7.3.1 ATM inhibitors 

The components contributing to cell cycle checkpoint activation and DSB 

repair can serve optimum pharmaceutical targets in the context of synthetic 

lethality (Curtin, 2012, Evers et al., 2010). In this regard, the central DDR 

kinase ATM has been studied pre-clinically as a promising anticancer target 

for potential clinical applications. Among others, Wortmannin and LY294002 

were initially used to block ATM activity (Veuger and Curtin, 2014). However, 

they are not specific to ATM inhibition, since they also inhibit other 

phosphoinositide 3-kinases, such as DNA-PK (Veuger and Curtin, 2014). 

Therefore, KU-55933 has been developed as an effective and specific ATM 

kinase inhibitor, which inhibits IR-induced activation of ATM signalling 

cascade and sensitises cells to radiotherapy (e.g. IR) and chemotherapy 

agents (e.g. topoisomerase inhibitors) (Veuger and Curtin, 2014). Indeed, 

studies with distinct human cancer cell lines revealed that KU-55933 has a 

potential radiosensitization activity when combined with IR treatment 

(Helleday et al., 2008, Veuger and Curtin, 2014, Dietlein et al., 2014, Weber 

and Ryan, 2015). The KU-60019 and CP466722 compounds have been 

subsequently developed from KU-55933 as more efficient radiosensitizers 

with improved potency and selectivity. Although any clinical development has 

not been conducted for any ATM inhibitors yet, the preclinical studies 

performed to date undoubtedly display that pharmaceutical inhibition of ATM 

is very promising for cancer therapy when combined with radiotherapy or 

certain chemotherapy agents (Weber and Ryan, 2015).  

Moreover, apart from being a potent radio- and chemosensitizer, 

recent findings have shown that ATM inhibitors possess single agent activity 

due to the synthetic lethal interactions between the ATM-regulated and other 

DDR pathways. Significantly, for instance, FA-deficient cells have been 
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reported to be sensitive to ATM inhibition (Kennedy and D'Andrea, 2006, 

Kennedy et al., 2007). In addition, cells with ATM-deficiency (or inhibition) 

have also been demonstrated to have decreased survival when treated with 

PARP1 (Hoglund et al., 2011) or APE1 inhibitors (Sultana et al., 2012). To 

sum up, ATM inhibition offers a promising cancer strategy either as a single 

agent through synthetic lethality, as a potential radio- and chemosensitizer or 

as a predictive biomarker for the benefit of other cancer treatments.      

1.7.3.2 DNA-PK inhibitors 

Therapeutic inhibition of NHEJ to impair alternative repair pathway 

dependencies of tumour cells offers promises for cancer therapy since the 

efficient repair of DSBs by NHEJ, as the main DSB repair pathway (Iliakis et 

al., 1991, Goodarzi and Jeggo, 2013), has a vital significance regarding 

genome stability (Veuger and Curtin, 2014). In this respect, NU7026 and 

NU7441 have been developed from LY294002 as highly potent and selective 

DNA-PK inhibitors (Davidson et al., 2013). Upon IR or etoposide treatment, 

the cells treated with NU7441 showed impaired DSB repair capacity and 

augmented G2/M accumulation (Zhao et al., 2006), suggesting NU7441 can 

function as a potent radio- and chemo-sensitizer (Curtin, 2012, Veuger and 

Curtin, 2014, Dietlein et al., 2014). Currently, NU7026 and NU7441 have not 

been evaluated in any clinical development yet owing to their metabolic 

clearance from the blood circulation and limited bioavailability (Davidson et 

al., 2013). However, preclinical studies are still being carried out to increase 

potency, bioavailability and target specificity of the compounds (Shaheen et 

al., 2011).  

In the context of synthetic lethality, cancer cells with ATM-deficiency 

(or inhibition) have been shown to have reduced survival upon DNA-PK 

inhibition (Gurley and Kemp, 2001, Jiang et al., 2009), suggesting that these 

cells are most likely addicted to the DNA-PK-mediated NHEJ mechanism as 

compensatory pathway for their survival. Furthermore, the cancer therapy 

drug NK314 has recently been demonstrated to inhibit both the 

topoisomerase II enzyme and DNA-PK kinase with potential activity against 
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tumour cells (Hisatomi et al., 2011). This may be because DSBs induced by 

topoisomerase II inhibitors (e.g. etoposide) are predominantly repaired by 

DNA-PK-mediated NHEJ pathway, which also explains why NU7441 

potentiates cytotoxicity of etoposide treatment (Zhao et al., 2006). 

Considerably, NK314 is currently being tested in clinical trials (Davidson et 

al., 2013), highlighting further the significance of DNA-PK inhibitors for 

cancer therapy.     

1.7.3.3 PARP inhibitors 

PARP is an enzyme contributing to a variety of essential cellular processes 

including the repair of SSBs through the BER pathway (Sonnenblick et al., 

2015). The PARP protein family consists of 17 enzymes that are classified 

under the group of the ARTs (ADP-ribosyltransferases). The ART enzymes 

are capable of transferring ADP-ribose molecules from NAD+ (nicotinamide 

adenine dinucleotide) in order to constitute PAR units (polymers of ADP-

ribose, a process termed PARylation), which are covalently attached to 

acceptor proteins (through specific amino acid sites). For instance, PARP 

detects and signals induced SSBs by catalysing PAR chains onto following 

protein substrates. Hence, PARP recruits effector proteins involved in DNA 

repair (e.g. XRCC1) to damaged chromatin. PARP is eventually released 

from the site of DNA damage by PARylating itself (termed as 

autoPARylation) (Lord et al., 2015).  

HRR-deficient cells display a hypersensitivity to PARP inhibition 

(Bryant et al., 2005, Farmer et al., 2005, Lord and Ashworth, 2016). For 

example, cancer cells with homozygous BRCA1 or BRCA2 mutations 

showed HRR deficiency and a significant hypersensitivity to PARP inhibition 

compared to those with the heterozygous or wild-type BRCA1/2 alleles 

(Farmer et al., 2005, Bryant et al., 2005). Furthermore, human breast cancer 

cell lines in which BRCA2 protein was depleted by RNAi also showed 

hypersensitivity to PARP inhibitors (Bryant et al., 2005), further supporting 

the potency of PARP inhibition in HRR-deficient human cancers.   
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One of the mechanisms explaining why PARP inhibition is highly toxic 

to HRR-deficient cells but not to HRR-proficient cells is the accumulation of 

DSBs due to unrepaired or inefficiently repaired SSBs (Benafif and Hall, 

2015, Lord and Ashworth, 2016). Mechanistically, in HRR-proficient healthy 

cells naturally occurring SSBs can be efficiently and effectively corrected by 

the PARP-dependent BER DNA repair pathways (Krokan and Bjoras, 2013). 

In the case of PARP inhibition, SSBs persist (are left unrepaired) and cause 

replication-associated DSBs during DNA replication in the S phase, which 

are subsequently repaired by the BRCA1/2-mediated HRR pathway in 

normal healthy cells. However, since BRCA mutant cancer cells have 

defective HRR, these HRR-deficient cancer cells presumably cannot 

efficiently repair replication-associated DSBs that are produced as a result of 

PARP inhibition, ultimately leading to cell death (as illustrated in Figure 1.13) 

(Helleday, 2010, Goulooze et al., 2016, Lord and Ashworth, 2016).  

Given that pharmacological PARP inhibition (e.g. by olaparib) has 

been shown to be more cytotoxic compared to genetic ablation of PARP1 

(Murai et al., 2012), there should be more than one mechanistic action of 

PARP inhibitors. In this regard, PARP inhibitors are thought to trap the PARP 

enzyme onto DNA strand by preventing auto-PARylation when a SSB occurs 

(referred as PARP-trapping). As a result, the trapping PARP-DNA complex 

causes DSBs and consequently cell death by blocking transcription and DNA 

replication (Drew, 2015, Goulooze et al., 2016). Interestingly, different PARP 

inhibitors possess variable degrees of PARP-trapping activity (Benafif and 

Hall, 2015). For instance, niraparib (Tesaro) is more potent than olaparib 

(AstraZeneca). Importantly, veliparib (AbbVie) induces less PARP-trapping 

compared to other inhibitors, which presumably makes it more tolerable 

when combined with radio- or chemotherapy (Walsh and Hodeib, 2016, 

Benafif and Hall, 2015).  
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Figure 1.13 

Synthetic lethality mechanism with PARP inhibitor.                            

(A) Normal cells are able to repair spontaneous SSBs through the PARP-dependent 

BER pathway. Once PARP is blocked, SSBs accumulation induces replication-

associated DSBs during the S phase, which are then subjected to be repaired by 

the BRCA1/2-mediated HRR pathway. (B) In contrast, since BRCA mutant cancer 

cells have the dysfunctional HRR mechanism, these cells most likely fail to cope 

with replication-associated DSBs generated as a result of PARP inhibition, 

ultimately leading to cell death (adapted from Goulooze et al. (2016)).  

Currently, a number of PARP inhibitors are being clinically evaluated 

as monotherapy or in combination with radiotherapy and/or chemotherapy 

agents (please see Table 1.1 below) (Wang et al., 2016). Olaparib 

(Lynparza, AstraZeneca) is the first PARP inhibitor which has been granted 

the approval by the EMA (European Medicines Agency) and FDA (the U.S. 

Food and Drug Administration) for patients with advanced ovarian cancer 

classified as BRCA1 or BRCA2 mutant (Walsh and Hodeib, 2016, Wang et 

al., 2016, Deeks, 2015). Importantly, rucaparib (AG014699, Clovic Oncology) 

has been recently granted breakthrough therapy designation (BTD) status by 

the FDA for advanced ovarian cancer patients with germline or somatic 

BRCA1/2 mutation (Brown et al., 2016).  
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Table 1-2: PARP1 inhibitors that are currently under clinical investigation for 

cancer therapy (Wang et al., 2016). 

Drugs Company Stage 
Identifiers 
(clinicaltrials.gov) 

Patients 

Olaparib 

(AZD2281) 
AstraZenaca Phase III 

NCT02000622 Breast cancer 

NCT02032823 Breast cancer 

NCT01874353 
Ovarian 
cancer 

NCT01844986 
Ovarian 
cancer 

NCT02282020 
Ovarian 
cancer 

NCT02184195 
Pancreatic 
cancer 

NCT01924533 
Gastric 
cancer 

Rucaparib 

(AG014699) 

Clovic 
Oncology 

Phase III NCT01968213 
Ovarian 
cancer 

Niraparib 

(MK4827) 
Tesaro Phase III 

NCT01847274 
Ovarian 
cancer 

NCT01905592 Breast cancer 

Veliparib 

(ABT-888) 
AbbVie Phase III 

NCT02163694 Breast cancer 

NCT02032277 TNBC 

NCT02106546 NSCLC 

NCT02152982 Glioblastoma  

Talazoparib 

(BMN673) 
BioMarin Phase III NCT01945775 Breast cancer 

E7449 Eisai Phase Ib/II NCT01618136 
Solid tumours 
or B-cell 
lymphoma 

GPI21016 

(E7016) 
Eisai Phase II NCT01605162 Melanoma  

BGB-290 BeiGene 
Phase I-a NCT02361723 Solid tumours 

Phase I-b NCT02660034 Solid tumours 

ABT-767 AbbVie Phase I NCT01339650 Solid tumours 

The highest stage of clinical studies is listed for each inhibitor. 

TNBC: triple-negative breast cancer, NSCLC: non-small cell lung cancer 

https://clinicaltrials.gov/
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An increasing number of preclinical studies have evidenced that 

PARP inhibitors can serve as potential radiosensitizers (Benafif and Hall, 

2015). Therefore, radiotherapy is commonly used in combination with PARP 

inhibitors since IR induces a significant amount of SSBs that are main targets 

of the PARP-mediated BER pathway (Drew, 2015). Two clinical studies 

(Phase I; NCT01460888, NCT01908478) are currently being conducted to 

assess the efficacy of radiotherapy alone or in combination with PARP 

inhibitors in patients with advanced pancreatic cancer (Benafif and Hall, 

2015). Furthermore, preclinical findings have revealed that PARP inhibition 

enhances the cytotoxic potency of anticancer agents inducing SSBs. In line 

with this, alkylating agents (e.g. temozolomide) and topoisomerase inhibitors 

(e.g. camptothecin, etoposide) have been extensively employed to test the 

combinational effect of chemotherapy compounds with PARP inhibition 

(Benafif and Hall, 2015). Several trials are currently being performed to 

investigate the clinical benefits of PARP inhibitor and chemotherapy 

combinations (Wang et al., 2016).       

The phenotype referred as “BRCAness” according to Lord and 

Ashworth (2016) indicates the cells which have wild-type BRCA1/2 genes but 

show deficient HRR and enhanced sensitivity to PARP inhibitors. In this 

regard, genes that are central to the HRR pathway (e.g. ATM, CHK2, 

MRE11, RAD50, NBS1, PALB2) are specifically being investigated in the 

context of PARP inhibition, since they may offer novel means for a better 

therapeutic outcome for cancer patients with wild-type BRCA1/2 alleles 

(Walsh and Hodeib, 2016). For instance, insufficiency of the MRN complex 

can display a BRCAness phenotype by rendering breast cancer cells 

sensitive to PARP inhibition (Oplustilova et al., 2012). Vilar et al. (2011) also 

reported that MRE11-deficient colorectal cancer cells showed increased 

sensitivity to PARP inhibition (Vilar et al., 2011). Additionally, a recent study 

revealed that loss of RAD50 (either via RNAi or copy number deletion) 

sensitised ovarian cancer cells with wild-type BRCA1/2 to PARP inhibition 

(Zhang et al., 2016), signifying RAD50 as a prognostic molecular biomarker 

for a BRCAness phenotype and PARP inhibitor treatment. Furthermore, the 

breast cancer cells with ATM deletions have been found to be highly 
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sensitive to olaparib (Gilardini Montani et al., 2013). In addition to preclinical 

studies, a recent phase II trial demonstrated that a significant proportion of 

prostate cancer patients with ATM impairment displayed anti-tumour 

responses to olaparib (Mateo et al., 2015). Significantly, the FDA has 

recently granted BTD status to olaparib for prostate cancer-bearing ATM 

abnormalities (Wang et al., 2016).  

Taken together, many studies have significantly highlighted that BRCA 

status cannot be judged as the only predictive biomarker for PARP inhibitor 

sensitivity. Hence, non-BRCA biomarkers (Wang et al., 2016) are very likely 

to offer great promises for the prediction of the therapeutic responses of 

PARP inhibitors in different clinical settings.    
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1.8 The scope of this project 

In general, MOBs are essential scaffold proteins without any known 

enzymatic activities and human cells encodes at least six different MOB 

proteins including human MOB2 (hMOB2) (Hergovich, 2011). Up to recently 

(Gomez et al., 2015), the NDR kinases were the only reported binding 

partners of hMOB2 (Hergovich, 2011) and hMOB2 binding to NDR can block 

the NDR activation (Kohler et al., 2010). A recent genome wide screen for 

novel players in the DDR proposed hMOB2 as one of many candidates with 

a potential role in the DDR (Cotta-Ramusino et al., 2011). Therefore, 

considering that the DDR is critical to maintain genomic integrity and to 

prevent ageing and tumorigenesis (Jackson and Bartek, 2009), we decided 

to investigate on the cellular and molecular level whether hMOB2 is involved 

in DDR and is significant in the cellular responses to anticancer treatments. 

We hypothesised that hMOB2 is a novel DDR protein and hMOB2 

expression levels may be considered as a candidate biomarker in the 

evaluation for targeted therapies of cancer with defective HRR.    

First, since hMOB2 can function as NDR inhibitor (Kohler et al., 

2010), we investigated whether hMOB2 protein levels contribute to the NDR-

regulated cell cycle progression (Cornils et al., 2011b, Hergovich, 2013). 

Additionally, Cotta-Ramusino et al. (2011) suggested that hMOB2-defective 

cells might have a deficient IR-induced G2/M checkpoint activation; 

therefore, we also analysed whether other checkpoints were functional in 

hMOB2-knockdown cells. These results are presented in chapter-3. 

Second, we aimed to identify novel binding partners of hMOB2. We 

also sought whether hMOB2 supports DDR upon exposure to exogenously 

induced DNA damage. Significantly, we also tested whether hMOB2 is 

involved in DSB repair pathways. These results are shown in chapter-4. 

Third, since hMOB2 might represent a novel DDR protein that 

supports survival upon mitomycin C treatment (Cotta-Ramusino et al., 2011), 

we tested whether hMOB2 is required for cell survival after exposure to DNA-

damaging treatments that are currently employed in the clinic to treat cancer 

patients. This final set of data is presented in chapter-5.  
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Chapter 2 Materials and Methods 

2.1 Materials 

2.1.1 Bacterial Media 

 

 

 

Bacterial plates 

2.5% w/v LB Base (Sigma-Aldrich, L3022) 

1.5% w/v Agar (Sigma-Aldrich, L2897) 

10 mM MgSO4 (Sigma-Aldrich, M7506) 

Dissolved in ddH2O and the pH was adjusted to 7.2 by adding 10 N NaOH. The 
resulting solution was autoclaved and cooled down about 45-50°C before the 
corresponding antibiotic was added. The media was then carefully poured into 10-
cm plates which were stored at 4°C. Antibiotic-free plates were prepared for XL1-
blue cell preparation (see section 2.2.1.4, page 96).    

Lysogeny broth (LB medium) 

1% w/v Tryptone (Sigma-Aldrich, 70172) 

0.5% w/v Yeast Extract (Sigma-Aldrich, 70161) 

1% w/v NaCl (Sigma-Aldrich, S9888) 

Dissolved in ddH2O and the pH was adjusted to 7.2 by adding 10 N NaOH. The 
resulting solution was autoclaved and cooled down to room temperature, which 
was then stored at 4°C.    

2x Yeast extract and Tryptone buffer (YT broth) 

1.6% w/v Tryptone (Sigma-Aldrich, 70172) 

1% w/v Yeast Extract (Sigma-Aldrich, 70161) 

0.5% w/v NaCl (Sigma-Aldrich, S9888) 

Dissolved in ddH2O and the pH was adjusted to 7.0 by adding 10 N NaOH. The 
resulting solution was autoclaved and cooled down to room temperature, which 
was then stored at 4°C.    

IGB buffer 

10% w/v PEG4000 (Sigma-Aldrich, 95904) 

50 mM MgSO4 (Sigma-Aldrich, M7506) 

50 mM MgCl2 (Sigma-Aldrich, 84097) 

5% v/v DMSO (Sigma-Aldrich, D8418) 
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2.1.2 Buffers and solutions 

2.1.2.1 Buffers used in DNA agarose gel electrophoresis 

2.1.2.2 Buffers used in immunoblotting (IB) experiments 

PEG4000, MgSO4, MgCl2 were first dissolved in LB medium, and DMSO was 
included. The pH was adjusted to 6.5 by adding 10 N NaOH. The resulting 
solution was sterile filtered and stored at 4°C.    

DMSO: dimethyl sulfoxide 

DNA loading buffer (6x) 

40% w/v Sucrose (Sigma-Aldrich, 84097) 

10% w/v Bromophenol Blue (Sigma-Aldrich, B0126) 

TBE (Tris-Borate-EDTA) 

89 mM Tris base   (Sigma-Aldrich, T1503) 

89 m  Boric acid (Sigma-Aldrich, B6768) 

2 mM 0.5 M EDTA, pH 8.0* (Sigma-Aldrich, 31064) 

(*) from general stock, see section 2.1.4, page 87. 

EDTA: ethylene diamine triacetic acid 

Standard protein lysis buffer for IB (150 mM) 

20 mM 1 M Tris-HCl, pH 8.0* (Sigma-Aldrich, T1503) 

150 mM NaCl    (Sigma-Aldrich, S9888) 

10% Glycerol    (Sigma-Aldrich, G5516) 

1% NP-40    (Sigma-Aldrich, 74385) 

5 mM 0.5 M EDTA, pH 8.0*  (Sigma-Aldrich, 31064) 

0.5 mM 0.5 M EGTA, pH 8.0*  (Sigma-Aldrich, E3889) 

50 mM 0.5 M NaF* (Sigma-Aldrich, S7920) 

20 mM beta-glycerophosphate (Sigma-Aldrich, G9422) 

1 mM Na3VO4  (Sigma-Aldrich, S6508) 

Dissolved in autoclaved ddH2O, which was sterile filtered and then stored at 4°C. 

(*) from general stock, see section 2.1.4, page 87. 

NP-40: nonidet-P40, EGTA: ethylene glycol tetraacetic acid 

EDTA and EGTA (metalloproteases), NaF (serine/threonine and acidic), beta-
glycerophosphate (serine/threonine), and Na3VO4 (tyrosine) served as 
phosphatase inhibitors.  
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Separating gel (10 ml per gel) 

4.6 ml 3.3 ml autoclaved ddH2O  

2.7 ml 4.0 ml 30% Acrylamide (Fisher UK, 12381469) 

2.5 ml 2.5 ml 1.5 M Tris-HCl, pH 8.8* (Sigma-Aldrich, T1503) 

0.1 ml 0.1 ml 10% SDS (Fisher UK, 10552785) 

0.1 ml 0.1 ml 10% APS* (Sigma-Aldrich, A3678) 

0.006 ml 0.004 ml TEMED (Fisher UK, 12331519) 

Stacking gel (3%, 3 ml per gel) 

2.1 ml autoclaved ddH2O  

0.5 ml 30% Acrylamide  (Fisher UK, 12381469) 

0.38 ml 1.5 M Tris-HCl, pH 6.8* (Sigma-Aldrich, T1503) 

0.03 ml 10% SDS (Fisher UK, 10552785) 

0.03 ml 10% APS* (Sigma-Aldrich, A3678) 

0.003 ml TEMED (Fisher UK, 12331519) 

First, acrylamide was mixed with ddH2O, which was next mixed consecutively with 
Tris-HCl and SDS. Finally, APS and TEMED were added, and the resulting 
solution immediately and carefully poured between glass plates, and finally a 
multi-well comb was placed (for details see section 2.2.3.1, page 103). SDS: 
sodium dodecyl sulfate, APS: ammonium persulfate (dissolved in autoclaved 
ddH2O), TEMED: tetramethylethylenediamine. 

(*) from general stocks, see section 2.1.4, page 87. 

Protease inhibitors freshly added into protein lysis buffers prior its use 

1 mM DTT (Enzo, ALX-280-001-G005) 

1 mM Benzamidine  (Sigma-Aldrich, 12072) 

0.5 mM PMSF  (Sigma-Aldrich, P7626) 

1 mM Leupeptin (Enzo, ALX-260-009-M025) 

All from 1000X stocks stored at -20°C.  

DTT: dithiothreitol, PMSF: phenylmethylsulfonyl fluoride 

DTT, benzamidine (serine), PMSF (serine), and leupeptin (serine and cysteine) 
served as protease inhibitors.  

Laemmli SDS sample buffer  

1 M Tris-HCl, pH 6.8 (Sigma-Aldrich, T1503) 

0.05% w/v SDS (Fisher UK, 10552785) 

5% beta-mercaptoethanol (Sigma-Aldrich, M3148) 

10% w/v Bromophenol Blue (Sigma-Aldrich, B0126) 

Preparation of separating gel and stacking gel for SDS-PAGE 

8% 12%  
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190 mM Glycine (Sigma-Aldrich, G7126) 

25 mM Tris base (Sigma-Aldrich, T1503) 

1% w/v SDS (20%) (Fisher UK, 10552785) 

190 mM Glycine (Sigma-Aldrich, G7126) 

25 mM Tris base (Sigma-Aldrich, T1503) 

20%  methanol (freshly added) (Fisher UK, M/4056/17) 

Immunoblotting stripping solution (the pH adjusted to 2.5 with 37% HCl) 

25mM Glycine (Sigma-Aldrich, G7126) 

1% w/v  SDS (Fisher UK, 10552785) 

TBS buffer (Tris-buffered saline, the pH adjusted to 7.4 with 37% HCl and 
autoclaved) 

0.3 M NaCl (Sigma-Aldrich, S9888) 

0.1 M Tris base (Sigma-Aldrich, T1503) 

TBS-T buffer (dissolved in TBS buffer, used for immunoblotting washing) 

0.5% Tween (Sigma-Aldrich, P7949) 

Membrane blocking buffers (dissolved in TBS-T, stored at 4°C) 

5% Skim milk powder (Sigma-Aldrich, 70166) 

5% BSA (bovine serum albumin) (Roche, 10735108001) 

Enhanced chemiluminescent (ECL) substrates  

ECL stock solutions (prepared in DMSO, stored at -20°C) 

250 mM Luminol (Sigma-Aldrich, 123072) 

90 mM pCoumaric acid (Sigma-Aldrich, C9008) 

30% H2O2 (VWR, 23622.260) 

SDS running buffer 

Transfer buffer 

ECL solution-1 

2.5 mM Luminol (from stock) (Sigma-Aldrich, 123072) 

39.6 mM pCoumeric acid (from stock) (Sigma-Aldrich, C9008) 

100 mM 1 M Tris-HCl, pH 8.5* (Sigma-Aldrich, T1503) 

ECL solution-2 

0.062% H2O2 (from stock) (VWR, 23622.260) 

100 mM 1 M Tris-HCl, pH 8.5* (Sigma-Aldrich, T1503) 

Solutions 1 and 2 are mixed (1:1) only prior its application through the membrane. 

(*) from general stock, see section 2.1.4, page 87. 
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2.1.2.3 Buffers used in immunoprecipitation (IP) experiments 

2.1.2.4 Buffers used in chromatin isolation experiments 

MILB (low stringency MST Interaction Lysis Buffer) (stored at 4°C) 

30 mM HEPES pH 7.4 (Sigma-Aldrich, T1503) 

20 mM beta-glycerophosphate (Sigma-Aldrich, G9422) 

20 mM  KCl (Sigma-Aldrich, P9541) 

1 mM 0.5 M EGTA, pH 8.0* (Sigma-Aldrich, E3889) 

2 mM NaF* (Sigma-Aldrich, S7920) 

1 mM Na3VO4 (Sigma-Aldrich, S6508) 

1% Triton X-100 (Sigma-Aldrich, T9284) 

Additionally, 1000x protease inhibitors stored at -20°C were freshly added to the 
lysis buffer prior its use (as indicated in standard protein lysis buffer preparation, 
see 2.1.2.2, page 80). 

HEPES: N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 

(*) from general stock, see section 2.1.4, page 87. 

Buffers for chromatin-cytosol isolation 

Buffer A 

10 mM Pipes (Sigma-Aldrich, 80635) 

100 mM NaCl (Sigma-Aldrich, S9888) 

300 mM Sucrose (Sigma-Aldrich, 84097) 

3 mM MgCl2 (Sigma-Aldrich, 84097) 

5 mM 0.5 M EDTA, pH 8.0* (Sigma-Aldrich, 31064) 

1 mM 0.5 M EGTA, pH 8.0* (Sigma-Aldrich, E3889) 

50 mM 0.5 M NaF* (Sigma-Aldrich, S7920) 

0.1 mM Na3VO4 (Sigma-Aldrich, S6508) 

0.1% Triton X-100 (Sigma-Aldrich, T9284) 

1 mM Benzamidine  (Sigma-Aldrich, 12072) 

4 µM  Leupeptin  (Enzo, ALX-260-009-M025) 

0.5 mM PMSF (Sigma-Aldrich, P7626) 

1 mM DTT (Enzo, ALX-280-001-G005) 

The pH was adjusted to 6.8 with 10 N NaOH. 

(*) from general stock, see section 2.1.4, page 87. 
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2.1.2.5 Buffers used in immunofluorescence (IF) experiments 

2.1.2.6 Buffers used for cell cycle analysis by DNA content 

 

 

Buffer B 

3 mM 0.5 M EDTA, pH 8.0* (Sigma-Aldrich, 31064) 

0.2 mM 0.5 M EGTA, pH 8.0* (Sigma-Aldrich, E3889) 

1 mM Benzamidine  (Sigma-Aldrich, 12072) 

4 µM  Leupeptin  (Enzo, ALX-260-009-M025) 

0.5 mM PMSF (Sigma-Aldrich, P7626) 

1 mM DTT (Enzo, ALX-280-001-G005) 

The pH was adjusted to 8.0 with 10 N NaOH. 

(*) from general stock, see section 2.1.4, page 87. 

Fixation solution (PFA) 

3% PFA (paraformaldehyde) (Sigma-Aldrich, P6148) 

2% Sucrose (Sigma-Aldrich, 84097) 

10% PBS (w/o Ca++/Mg++) see section 2.1.4, page 87. 

Paraformaldehyde was dissolved in ddH2O by heating at 60°C for 15-20 minutes 
and by slowly adding 10 N NaOH. Next, PBS (phosphate buffered saline, w/o 
Ca++/Mg++) was included, and sucrose was dissolved. Finally, the pH was adjusted 
to 7.4 with 37% HCI and stored -20°C.   

Permeabilization solution (freshly prepared from 10X stock dissolved in PBS) 

0.5% Triton X-100 (Sigma-Aldrich, T9284) 

Blocking buffer (freshly prepared in PBS containing 0.05% Triton X-100) 

10% Goat serum (Sigma-Aldrich, G6767) 

Propidium iodide staining buffer 

38 mM  Na Citrate pH 7.5 (Sigma-Aldrich, S1804) 

69 µM Propidium iodide (Sigma-Aldrich, 81845) 

10 µg/ml RNAse A (Fisher/MN, NZ740505) 
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2.1.2.7 Buffers used in alkaline Comet assays 

2.1.2.8 Solutions used in colony survival assays 

2.1.3 Cell culture reagents 

 

Lysis buffer (dissolved in ddH2O, stored at 4°) 

100 mM disodium EDTA (Sigma-Aldrich, ED2SS) 

2.5 M NaCl (Sigma-Aldrich, S9888) 

10 mM Tris base (Sigma-Aldrich, T1503) 

The pH was adjusted to 10.5 with 10 N NaOH. 

1% TritonX-100* (Sigma-Aldrich, T9284) 

*added immediately before its use 

Alkaline buffer (dissolved in ddH2O, stored at 4°) 

50 mM NaOH (pellets) (Sigma-Aldrich, S5881) 

1 mM disodium EDTA (Sigma-Aldrich, ed2ss) 

The pH was further adjusted to 12.5 with 10 N NaOH. 

Neutralisation buffer (dissolved in ddH2O, pH 7.5, stored at 4°)  

0.5 M Tris base (Sigma-Aldrich, T1503) 

Propidium iodide (stored at 4°)  

2.5 μg/ml Propidium iodide solution (Sigma-Aldrich, P4864) 

Fixation solution (stored at room temperature) 

3x Methanol (Sigma-Aldrich, 322415) 

1x Acetic Acid (80% pure) (Sigma-Aldrich, 27218) 

Staining solution (dissolved in methanol, stored at room temperature) 

0.5% Crystal violet (Sigma-Aldrich, C3886) 

Pen/Strep stock cocktail for cell culture medium (1%, stored at -20°C) 

8 mg/ml Penicillin G (64 µg/ml final conc) (VWR, A1837.0010) 

12.5 mg/ml Streptomycin (100 µg/ml final conc) (VWR, A1852.0025) 

Dissolved in ddH2O, sterile filtered and then stored at -20°C. 

Standard basal medium (stored at 4°C) 

 DMEM (Dulbecco's Modified Eagle 
medium) 

(Sigma-Aldrich, D6429) 

10% FCS (foetal calf serum) (Sigma-Aldrich, F7524) 
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1% Pen/Strep cocktail  

Medium for MCF10A cell line (stored at 4°C) 

 DMEM/F12 medium (Invitrogen, 31330038) 

5% Horse serum (Invitrogen, 16050122) 

1% Pen/Strep cocktail  

20 ng/ml Epidermal growth factor (EGF) (Peprotech, AF-100-15-1000) 

0.5 µg/ml Hydrocortisone (Sigma-Aldrich, H0888) 

100 ng/ml Cholera toxin (Sigma-Aldrich, C8052) 

10 µg/ml Insulin (Sigma-Aldrich, I1882) 

Stocks were prepared for the ingredients as follows: EGF (100 μg/ml stock) was 
dissolved in autoclaved ddH2O. Hydrocortisone (1 mg/ml stock) was resuspended 
in ethanol (100%). Cholera toxin (1 mg/ml stock) was dissolved in autoclaved 
ddH2O, mixed well, and allowed 10-15 minutes to reconstitute. Insulin (10 mg/ml 
stock) was dissolved in autoclaved ddH2O comprising 1% acetic acid, mixed well, 
and allowed 10-15 minutes to reconstitute. All were aliquoted in 1.5 ml Eppendorf 
tubes and stored at -20°C (Debnath et al., 2003). 

Medium for Bj-hTert cell line (stored at 4°C) 

 DMEM: Media199 (Sigma-Aldrich, M4530) 

10% FCS (Sigma-Aldrich, F7524) 

50 μg/ml Gentamicin (Invitrogen, 15710049) 

Medium for U2OS cell line integrated with GFP reporter (stored at 4°C) 

 DMEM without sodium pyruvate (Sigma-Aldrich, D5796) 

10% FCS (Sigma-Aldrich, F7524) 

1% Pen/Strep cocktail  

PBS (for general tissue culture use, stored at 4°C) 

 D-PBS w/o Ca++/Mg++  (Invitrogen, 14190169) 

Trypsin (for general use, stored at 4°C, the stock is at -20°C) 

0.25% Trypsin (Invitrogen, 25050-014) 

0.5 mM EDTA (Sigma-Aldrich, 31064) 

Standard freezing medium (sterile filtered and stored at -20°C) 

10% DMSO (Sigma-Aldrich, D8418) 

90% FCS (Sigma-Aldrich, F7524) 
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2.1.4 General buffers 

Trypsin (for MCF10A cell line, stored at 4°C,  the stock is at -20°C) 

0.05% Trypsin plus 0.53 mM EDTA (Invitrogen, 25300096) 

Freezing medium (for MCF10A cell line, sterile filtered and stored at -20°C) 

70% DMEM/F12 medium (Invitrogen, 31330038) 

20% Horse serum (Invitrogen, 16050122) 

10% DMSO (Sigma-Aldrich, D8418) 

Tetracycline (dissolved in EtOH, 1000x stock stored at -20°C) 

2 mg/ml Tetracycline hydryochloride (2 
µg/ml final conc) 

(Sigma-Aldrich, 87128) 

Polybrene (dissolved in ddH2O, 1000x stock stored at -20°C) 

0.8 mg/ml Polybrene (0.8 µg /ml final conc) (Sigma-Aldrich, H9268) 

Antibiotics stock solutions used in tissue culture (stored at -20°C) 

100 mg/ml G418 (Geneticin) (Invivogen, ant-gn-5) 

10 mg/ml Puromycin (Invivogen, ant-pr-1) 

10 mg/ml Blasticidin S  (Invivogen, ant-bl-1) 

100 mg/ml Zeocin (Invivogen, ant-zn-5) 

Mycoplasma and bacterial contamination removal reagents used in tissue 
culture (stocks stored at -20°C) 

50 mg/ml Plasmocin (Invivogen, ant-mpt) 

100 mg/ml Normocure (Invivogen, ant-noc) 

Transfection reagents used in tissue culture (stored at 4°C) 

 Fugene 6 (Promega, E2692) 

 Lipofectamine 2000 (Invitrogen, 11668019) 

 Lipofectamine RNAiMAX (Invitrogen, 13778150) 

Optimem (stored at 4°C) 

 Optimem (Invitrogen, 31985-047) 

PBS, w/o Ca++/Mg++ pH 7.4 

137 mM NaCl   (Sigma-Aldrich, S9888) 
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2.1.5 List of antibodies used in this project  

8 mM Na2HP04   (Sigma-Aldrich, S3264) 

2.7 mM KCl   (Sigma-Aldrich, P9541) 

1.4 mM KH2PO4   (Sigma-Aldrich, P9791) 

The pH was adjusted to 7.4 by adding 37% HCl. 

Other stock solutions 

0.5 M EDTA (Sigma-Aldrich, 31064) 

The pH was adjusted to 8.0 by adding 10 N NaOH. 

0.5 M EGTA (Sigma-Aldrich, E3889) 

The pH was adjusted to 8.0 by adding 10 N NaOH. 

1 M Tris-HCl, pH 6.8   (Sigma-Aldrich, T1503) 

The pH was adjusted to 6.8 by adding 37% HCl. 

1 M Tris-HCl, pH 8.5     (Sigma-Aldrich, T1503) 

The pH was adjusted to 8.5 by adding 37% HCl. 

1.5 M Tris-HCl, pH 6.8     (Sigma-Aldrich, T1503) 

The pH was adjusted to 6.8 by adding 37% HCl. 

1.5 M Tris-HCl, pH 8.8     (Sigma-Aldrich, T1503) 

The pH was adjusted to 8.8 by adding 37% HCl. 

0.5 M NaF (Sigma-Aldrich, S7920) 

10% w/v APS (stored at 4°C) (Sigma-Aldrich, A3678) 

Primary antibodies for immunoblotting experiments 

Antibody Source Company Cat No Dilution  

hMOB2* rat homemade  1/250 

hMOB2* rabbit homemade    1/250 

hMOB2** rabbit homemade  1/100 

(*) polyclonal, produced in collaboration with Eurogentec (Kohler et al., 2010). 

(**) monoclonal, produced in collaboration with Epitomics (unpublished).  

HA rabbit Cell Signaling 3724 1/1000 

MYC rabbit Cell Signaling 2278 1/1000 

FLAG mouse Sigma F3165 1/1000 

Cyclin D1 mouse Cell Signaling 2926 1/1000 

Cyclin E mouse Santa Cruz sc-247 1/1000 

Cyclin A rabbit Santa Cruz sc-751 1/1000 
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Cyclin B1 mouse BD Biosciences 554176 1/1000 

Actin goat Santa Cruz sc-1616 1/1000 

Tubulin (YL1/2) rat homemade 
 

1/1000 

CDK2 mouse Santa Cruz sc-6248 1/1000 

CDK4 mouse Santa Cruz sc-53636 1/1000 

p53 mouse Santa Cruz sc-126 1/1000 

p21 rabbit Cell Signaling 2947 1/1000 

MDM2 mouse Santa Cruz sc-965 1/200 

p-pRb      

(S807/811) 
rabbit Cell Signaling 9308 1/500 

p57 rabbit Santa Cruz sc-1040 1/200 

p27 rabbit Santa Cruz sc-528 1/200 

p15 rabbit Santa Cruz sc-612 1/200 

p16 rabbit Santa Cruz sc-759 1/200 

p18 mouse Santa Cruz sc-56332 1/200 

p19 rabbit Santa Cruz sc-1063 1/200 

p14ARF goat Santa Cruz sc-8613 1/200 

p-ATM (S1981) mouse Santa Cruz sc-47739 1/200 

ATM rabbit Millipore 07-1286 1/1000 

p-SMC1 (S957) mouse Cell Signaling 4805 1/200 

p-SMC1 (S957) rabbit Novus Biologicals NB100-205 1/200 

SMC1 rabbit Cell Signaling 4802 1/1000 

p-NBS1 (S343) rabbit Cell Signaling 3001 1/500 

NBS1 mouse BD Biosciences 611870 1/1000 

NBS1 rabbit Novus Biologicals NB100-143 1/1000 

RAD50 mouse BD Biosciences 611010 1/1000 

RAD50 mouse Santa Cruz sc-56209 1/1000 

RAD50 rabbit Novus Biologicals NB100-154 1/500 

MRE11 mouse BD Biosciences 611366 1/1000 

MRE11 rabbit Novus Biologicals NB100-152 1/1000 

p-KAP1 (S824) rabbit Bethyl A300-767A 1/1000 

KAP1 goat Abcam ab3831 1/1000 

p-p53 (S15) rabbit Cell Signaling 9284 1/500 

p-p53 (S20) rabbit Cell Signaling 9287 1/500 

p-p53 (S37) rabbit Cell Signaling 9289 1/500 
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p-CHK2 (Thr 68) rabbit Cell Signaling 2661 1/500 

CHK2 rabbit Cell Signaling 2662 1/500 

p-CHK1 (S317) rabbit Cell Signaling 2349 1/500 

CHK1 mouse Insight / Santa Cruz sc-8408 1/500 

PCNA mouse Dako M 0879 1/25000 

H3 rabbit Abcam ab1791 1/25000 

NDR1/STK38 mouse 
Caltag-
MedSystems/Abnova 

H00011329-
M11 

1/1000 

NDR2/STK38L rabbit 
homemade 
(Vichalkovski et al., 
2008)   

1/500 

p-BRCA2 
(S3291) 

rabbit 
provided by Dr. Fumiko 
Esashi (Esashi et al., 
2007) 

 1/1000 

BRCA2 mouse Millipore / Calbiochem OP95 1/500 

p-RAD51 (S14) rabbit 
provided by Dr. Fumiko 
Esashi (Yata et al., 
2012) 

 1/1000 

RAD51 rabbit Insight / Santa Cruz sc-8349 1/500 

p-RPA32 (S4-
S8) 

rabbit 
Bethyl labs / Cambridge 
B 

A300-245A 1/1000 

RPA32 mouse Merck Chemicals NA18 1/1000 

Primary antibodies for immunofluorescence experiments 

Antibody Source Company Cat No Dilution  

γH2AX (S139) rabbit Cell Signaling 9718 1/400 

53BP1 mouse Millipore MAB3802 1/200 

RAD51 rabbit Insight / Santa Cruz sc-8349 1/50 

Mitosin / CENPF mouse BD Biosciences 610768 1/200 

RPA70 mouse Calbiochem / Millipore NA13 1/100 

Mitosin / CENPF rabbit Abcam Ab5 1/200 

Secondary antibodies for immunoblotting experiments 

Antibody Source Company Cat No Dilution  

Rabbit donkey GE Healthcare 10794347 1/5000 

Mouse sheep GE Healthcare 10196124 1/5000 

Rat goat GE Healthcare GZNA935 1/5000 

Goat  donkey SC / Insight Biotech SC-2056 1/5000 
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2.1.6 List of plasmids used in this project 

Secondary antibodies for immunofluorescence experiments 

Antibody Source Company Cat No Dilution  

FITC 
(fluorescein 
isothiocyanate) 

rabbit Stratech – Jackson, UK 711-095-152 1/100 

mouse Stratech – Jackson, UK 715-095-151 1/100 

Texas red 
mouse Stratech – Jackson, UK 715-075-151 1/100 

rabbit Stratech – Jackson, UK 711-075-152 1/100 

Gene Vector backbone  Reference  

shMOB2#4 pSuper.retro.puro (based on Qiagen siMOB2#4) 

shMOB2#5 pSuper.retro.puro (Kohler et al., 2010) 

shMOB2#6 pSuper.retro.puro (based on Qiagen siMOB2#6) 

shp53#2 pSuper.retro.puro (Brummelkamp et al., 2002) 

shp53#2/shMOB2#4 pSuper.retro.puro  

shNDR1#4 pSuper.retro.puro (Hergovich et al., 2007) 

shp53#2 pMKO.1 (Addgene, 10672) 

HA_MOB2  pLXSN  

HA_MOB2 (K131R) pLXSN  

HA_MOB2  pcDNA3_neo  

myc_MOB2  pcDNA3_neo  

HA_NDR1-PIF pT-Rex-DEST30  

HA_RAD50 pcDNA3_neo  

FLAG_UBR5 pCMV_neo  (Ling and Lin, 2011) 

HA_HECT pcDNA3_neo  

Empty vector (EV) pCAGGS (Tichy et al., 2010) 

pCBASceI pCAGGS (Tichy et al., 2010) 

GFP pEGFP-C1  

MOB2 and NDR1/2 cDNA and shRNA plasmids were described in Hergovich et 
al. (2005), Hergovich et al. (2007), and Kohler et al. (2010). The RAD50 cDNA 
was kindly provided by C. Wyman, Erasmus University Medical Center, 
Rotterdam, The Netherlands. NDR1-PIF was described in Cook et al. (2014). 
pCMV-FLAG-UBR5 full-length was kindly provided by R. Sutherland (Garvan 
Institute of Medical Research, Sydney, Australia), and used as a template to 
amplify the HECT domain (residues 2501 to 2799). pCAGGS and pCBASceI were 
kindly provided by E. D. Tichy (University of Cincinnati, Cincinnati, USA). When 
necessary, subcloning experiments were carried out as described in section 
2.2.1.1, page 93. Most of the constructs were prepared by Dr. Valenti Gomez.  
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2.1.7 List of siRNAs used in this project  

2.1.8 List of primers used in this project (for qRT-PCR) 

siRNA Target sequence 

siLUC 5`- aacgtacgcggaatacttcga -3` 

siMOB2#4 5`- caggagagacgtgtcagacga -3` 

siMOB2#5 5`- ccgcgagattgaccttaacga -3` 

siMOB2#6 5`- atgcgtgccgtttgtagagaa -3` 

sip21#2 5`- ctggcattagaattatttaaa -3` 

siFANCD2#6 5`- ctccgtatttccggttactga -3` 

siNDR2#5 5`- agggagatgtactgtattata -3` 

All siRNAs were purchased from Qiagen. The resuspension of siRNAs was 
carried out according to the manufacturer`s instructions. The siRNA pellet was 
resuspended in RNase-free ddH2O provided by the company to get 10 µM final 
stock concentrations, which was then aliquoted into smaller volumes and stored at 
-20°C. 

Gene symbol  Target  Cat No 

MOB2 MOB2 QT00056399 

RRN18S  18S rRNA QT00199367 

CDKN1A  p21 QT00062090 

GADD45A GADD45A QT00014084 

MDM2 MDM2 QT00056378 

PPARGC1A  PRGC1 QT00095578 

BAX BAX QT00031192 

PMAIP2  NOXA QT01674771 

BBC3 PUMA QT00082859 

C12orf5 TIGAR QT00071225 

SCO2 SCO2 QT00239162 

SESN2 SESN2 QT00071729 

All primers were purchased from Qiagen. The reconstitution of lyophilized forward 
and reverse (mix) primers was carried out according to the manufacturer`s 
instructions. The primer pellet was resuspended in RNase-free ddH2O provided by 
the company to get 10x final stock concentrations, which was then aliquoted into 
smaller volumes and stored at -20°C. 
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2.2 Methods 

2.2.1 DNA protocols – Molecular cloning techniques 

2.2.1.1 Restriction digest and ligation of DNA fragments 

All restriction enzymes utilized in this project were bought from New England 

Biolabs (NEB) and the corresponding experiments were performed according 

to the manufacturer`s instructions. Briefly, to obtain the relevant DNA 

fragment (vector and insert), 5-10 µg plasmid DNA were digested with the 

corresponding enzymes (10-20 U) in a total volume of appropriate buffer 

(e.g. 50 μl) mixture overnight. The next day, the resulting product was run on 

DNA agarose gel electrophoresis (see section 2.2.1.3, page 95) for 2-6 

hours. The determined fragments were cut out and eluted with QIAquick Gel 

Extraction kit (Qiagen, 28706) as described by the manufacturer. For ligation 

of the vector and insert fragments, 1 µl of vector DNA (approx. 50-100 ng/µl) 

was mixed with 8 µl insert DNA, 10 µl of 2x rapid ligation buffer (Promega, 

C6711) and 1 µl T4 DNA ligase enzyme (400 U/µl, NEB, M0202S). After the 

incubation at room temperature for 15-30 minutes, the final ligation mixture 

was transformed into bacteria to amplify the yield (see section 2.2.1.4, page 

96).  

2.2.1.2 PCR mutagenesis 

All PCR mutagenesis reactions (see Table 2.1 below) were performed using 

a thermal cycler (Bio-Rad, S1000 Thermal Cycler) with the temperature 

program indicated in Table 2.2 below.  
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Table 2-1: The reaction mix for PCR mutagenesis. 

Table 2-2: The temperature program for PCR mutagenesis. 

The resulting product was treated with DpnI restriction enzyme (NEB, 

R0176S) to specifically digest the plasmid template. The bacterial plasmid is 

methylated, and the PCR product is not methylated, and the DpnI enzyme 

can cut only when its cleavage spot is dam (deoxyadenosine methylated) 

methylated, allowing us to have an only PCR product. Briefly, 1 µl of DpnI 

restriction enzyme was added into per PCR reaction and mixed by pipetting 

up and down before the mixture was incubated at 37°C for 2 hours. The final 

product was transformed into Escherichia coli and plasmid DNA was 

recovered from the bacteria by performing Mini-Prep (see section 2.2.1.4, 

page 96). Next, DNA agarose gel electrophoresis (see the section below) 

Nuclease-free ddH2O 36 µl 

10x buffer 5 µl 

dNTPs (from 2.5mM stock) 5 µl 

Plasmid DNA template (at 100 ng/µl) 1 µl 

Forward primer (100 μM)* 1 μL 

Reverse primer (100 μM)* 1 µl 

Pfu DNA polymerase (2.5U/μl; MBL, RK-02-031-5) 1 µl 

All primers were purchased from Sigma-Aldrich. The resuspension of primers 
was carried out according to the manufacturer`s instructions. The primer 
pellet was resuspended in RNase-free ddH2O to get 100 μM final stock 
concentrations as described in the relevant datasheet, which was then 
incubated for 10-15 minutes at 65°C while shaking at a thermomixer (300 
rpm). After a short spin down, final stocks were stored at -20°C.  

 Temperature Time Step  

1. 98°C 5 min Initial denaturation 

20 
cycles 

94-98°C 1 min DNA denaturation step 

55°C 1 min primer annealing step 

72°C 2 min per kb of template polymerase extension 
step 

3. 72°C 20 min Final extension 

4. 4°C forever  
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was conducted to show the existence of the corresponding cDNA insert 

(DNA digestion screen). Finally, the presence of the desired mutation was 

confirmed using multiple sequence alignment software (Clustal Omega, 

EMBL-EBI) following DNA sequencing (Cambridge Bioscience Limited, UK).   

2.2.1.3 DNA agarose gel electrophoresis 

To separate and analyse DNA fragments, we used horizontal agarose gel 

system (Bio-Rad, Sub-Cell GT electrophoresis system, 1640302). Depending 

on the size of the digested DNA fragments, the percentage of agarose in a 

gel was approx. 0.5 – 2.0% (see Table 2.3). The agarose (UltraPure-

Invitrogen, 16500500) was dissolved in TBE (1X) buffer and boiled using the 

microwave. Once the solution was cooled down to around 50°C, GelRed 

nucleic acid stain (VWR, 730-2958; 1/10,000) was added in the solution for 

visualization of the DNA in the gel. Samples were mixed with DNA loading 

buffer (6X) and carefully loaded into the wells of the gel along with 

GeneRuler DNA ladder (Fisher UK, FQ-SM0311). Gels were run at 80V for 

2-6 hours depending on the size of analysed DNA fragments. DNA products 

were then visualised using the G:BOX gel documentation system (Syngene, 

LCI-700-090R). For the composition of all buffers see section 2.1.2.1, page 

80. 

Table 2-3: The recommended concentration of UltraPure Agarose required 

resolving DNA fragments of the approximately indicated range. 

         

 

 

 

Agarose Concentration Resolution range 

0.8% 500 bp – 12 kb 

1.0% 400 bp – 10 kb 

1.5% 200 bp – 4 kb  

2.0% 100 bp – 2 kb 
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2.2.1.4 Bacterial techniques 

Preparation of XL1-blue competent cells 

XL1-blue competent cells (E. coli) were used in our project for the purpose of 

transforming competent cells with plasmid DNA. XL1-blue cells were plated 

out on antibiotic-free LB agar plates, which were then incubated at 37°C 

overnight. The following day single colonies were picked and grown 

overnight in 5 ml LB in a shaking incubator (220 rpm at 37°C). The next day, 

the overnight cultures were diluted 1:100 in 2X YT (500 ml) and incubated in 

a shaking incubator (220 rpm, 37°C) until the culture OD600 (optical density at 

600 nm) increased up to 0.3-0.4 nm (took about 1-2 hours). The cultures 

were next pelleted by centrifugation at 1,300 × g for 10 minutes at 4°C. 

Following aspiration of the supernatant, the pellet was resuspended in 1/10 

volume ice cold IGB buffer. Finally, cells were promptly aliquoted into pre-

chilled 1.5 ml Eppendorf tubes in the cold room, snap frozen in dry ice and 

stored at -80°C. For the composition of all buffers, see section 2.1.1, page 

79. 

Bacterial transformation 

The competent cells stored at -80°C were thawed on ice, gently mixed, and 

then 100 µl of cells were aliquoted into a pre-chilled 1.5 ml Eppendorf tube. 

After adding the experimental plasmid DNA (1 µl, approx. 20-50 ng) or 

ligation product (e.g. 20 µl) into the aliquot of cells and swirling the tube 

gently, cells were incubated on ice for 15-30 minutes. Next, cells were heat-

pulsed in a 42°C heat block for 45-60 seconds and incubated on ice for 2-3 

minutes. Next, 1 ml of preheated antibiotic-free LB medium was added, and 

the tube was incubated at 37°C heat block for 30-60 minutes with shaking at 

400-500 rpm.  Approx. 100-150 µl of the resulting transformation reaction (or 

all the product in case of the ligation) were plated onto pre-warmed 10-cm 

LB-agar plates (see section 2.1.1, page 79) containing the corresponding 

antibiotic using a glass Pasteur pipette which had been sterilized using a 
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Bunsen burner (JFA limited, D2-BS-0167). The plate was incubated 

overnight at 37°C (at least 16-17 hours for bacterial colony formation).  

Bacterial inoculation 

The following morning of transformation, the plate with colonies was placed 

into 4°C until inoculation. Shortly, 3 ml pre-heated liquid LB with the relevant 

antibiotic was added into a sterile 15 ml tube for the small-scale preparation 

of DNA constructs (or 100 ml liquid LB was added to a 500 ml Erlenmeyer 

flask for the large-scale preparation of DNA constructs). Next, a single colony 

from the LB-agar plate was cautiously selected using a sterile pipette tip 

which was then dropped into LB liquid medium. The bacterial culture was 

swirled gently and incubated overnight in a shaking incubator (220 rpm, 

37°C) for 12-18 hours.   

Small scale (mini-prep) and large scale (midi-prep) preparation 

of DNA constructs 

Plasmid DNA was isolated from the bacterial culture using the NucleoSpin 

Plasmid Mini-Prep Kit (Fisher UK, 12353358) or PureYield Plasmid Midi-Prep 

System Kit (Promega, A2495), according to manufacturers` instructions. The 

culture volumes were 3 ml in a 15 ml tube for mini-preps or 100 ml in 500 ml 

Erlenmeyer flask for midi-preps.  

The quality and quantity of the ultimate product of purified plasmid 

DNA were assessed by measuring the absorbance at 260 nm and 280 nm 

using a Nanodrop® spectrophotometer (NanoDrop Technologies). The 

resulting pure plasmid DNA was screened by restriction digest and DNA 

agarose gel electrophoresis to confirm the identity of the acquired plasmid 

(as described in section 2.2.1.3, page 95). In case sequence verification of 

the ligated PCR product was required (e.g. in the case of PCR mutagenesis), 

the presence of the desired mutation was confirmed using multiple sequence 

alignment software (Clustal Omega, EMBL-EBI) following DNA sequencing 

(Cambridge Bioscience Limited, UK).    
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2.2.2 RNA analysis – Quantitative Real-Time PCR (qRT-PCR)  

2.2.2.1 Total RNA extraction 

Purification of total RNA was performed at room temperature as instructed by 

the manufacturer. Aseptic good laboratory practices were applied during the 

whole procedure of RNA work.  

Homogenizing samples  

Homogenization for total RNA purification from cells was performed using 

TRIzol® Reagent (Invitrogen, 15596-018). First, the medium on each 6-cm 

plates was aspirated, and cells were washed twice with cold PBS (w/o 

Ca++/Mg++). After that, 1 ml of the TRIzol (for 6-cm plates) was applied to 

cells, which were collected by using a policeman scraper, and transferred 

into 2.0 ml Eppendorf tubes. The procedure was carried out carefully under a 

safety fume hood at room temperature.   

Phase separation  

To separate RNA from other cellular contents, such as DNA and proteins, 

200 µl of chloroform (Sigma-Aldrich, C2432) was added to collected 

samples, and the tubes were shaken vigorously by hand for about 10 

seconds. After the resulting mixture had been centrifuged at 12,000 × g for 

15 minutes at 4°C, three separate phases were observed: a lower red 

phenol-chloroform phase, an interphase, and an upper aqueous phase. 

Finally, the upper aqueous phase (colourless) containing total RNA was 

collected carefully and transferred into fresh 1.5 ml Eppendorf tubes. 

RNA Precipitation 

To precipitate RNA, 500 µl of 100% isopropanol (Sigma-Aldrich, I9516) was 

added to the tubes containing the aqueous phase. The samples were 

incubated for 10 minutes at room temperature and then centrifuged at 12,000 

× g for 10 minutes at 4°C. Consequently, the pellets were washed with 500 µl 
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75% ethanol at room temperature and centrifuged again at 10,000 × g for 5 

minutes at 4°C.  

RNA resuspension 

Lastly, the RNA pellet was dissolved in 30 µl of nuclease-free water (Sigma-

Aldrich, 7732-18-5) by passing the solution up and down several times, and 

incubated in a heat block at 55-60°C for 10-15 minutes.  

Purified total RNA was loaded onto 2% agarose gel (as described in 

section 2.2.1.3, page 95) to examine the quality of the total RNA samples. 

When the agarose gel is exposed to ultraviolet light (UV), binding of the 

fluorescent nucleic acid gel stain to the RNA allows visualization of 28S/18S 

ribosomal RNAs, which enabled us to confirm the integrity of isolated total 

RNAs (for a representative image of the performed agarose gel, please see 

Figure S2.1 in the Supplementary section, page 127). Furthermore, purified 

total RNA concentration was determined by measuring the absorbance at 

260 nm and 280 nm using a Nanodrop® spectrophotometer (NanoDrop 

Technologies), which enabled us to determine the quantity and quality of our 

RNA extractions (suggested absorbance ratio for RNA by the manufacturer is 

A260/280 of >1.8, and measured ratios were >1.8 for most of the samples, 

for example please see Table S2.1 in the Supplementary section, page 127). 

Next, the equivalent amount of total RNA were subjected to cDNA synthesis 

as explained in the next section. 

2.2.2.2 cDNA synthesis 

Complementary DNA (cDNA) synthesis was performed from ~ 1 µg of total 

RNA extracted from each sample using cDNA Synthesis Kit, which includes 

5x reverse-transcription reaction mix, iScript reverse transcriptase, nuclease-

free water (iScript One-Step RT-PCR Kit from Bio-Rad, 170-8891). As 

instructed by the manufacturer, first, 20 µl of reaction mix containing 5x 

cDNA reaction mix (Oligo[dT] primers, random hexamers, buffer, MgCl2, 

dNTPs, DTT, RNase inhibitor), reverse transcriptase enzyme, nuclease-free 

water, and total RNA were resuspended as indicated in Table 2.4 below.  
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Table 2-4: The reaction mix for cDNA synthesis. 

Second, cDNA was reverse transcribed using a thermal cycler (Bio-

Rad, S1000). The PCR reaction was carried out as indicated in Table 2.5 

below and the produced cDNA samples were stored at -20ºC until qRT-PCR 

analysis was performed. 

Table 2-5: The temperature program for cDNA synthesis. 

2.2.2.3 qRT-PCR 

Relative quantification of the expression levels of selected target genes was 

monitored by using SYBR green detection kit (iQTM SYBR® Green 

Supermix from Bio-Rad, 170-8884) on a qRT-PCR detection system 

(Mastercycler® ep realplex, Eppendorf). Primer sets were purchased from 

QIAGEN Sciences, Inc (see section 2.1.8, page 92). According to 

manufacturer`s instructions (Bio-Rad), the first master mixture was prepared 

with SYBR green supermix and nuclease-free water. The second master 

mixture was set up by mixing both the first mixture and a gene-specific 

Components Volume per Reaction  

5x iScript reaction mix 4 µl 

Total: 20 µl 
Reverse transcriptase 1 µl 

RNA template 1 µg of total RNA 

Nuclease-free water (variable) 

Cycling Step Hold Time Temperature 
# of 
Cycles 

Initial activation* 5 min 25ºC 1 

Extension 30 min 42ºC 1 

Termination 5 min 85ºC 1 

*due to the use of a mix of random hexamers and oligo dT 
primers 
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primer. Finally, ~ 1 µg of cDNA (~1 µl) template was added into separate 1.5 

ml Eppendorf tubes containing the second mixture with different primers. 

After that, the final mixture was pipetted carefully into a 96-well PCR reaction 

plate (Bio-Rad, HSP9655). For the detailed reaction mix and the temperature 

program, see Table 2.6 and Table 2.7, respectively. To inspect the 

amplification efficacy and the reliability of the obtained data, the presence of 

non-specific products or primer-dimers was monitored by melt-curve 

analysis. Results were obtained from three independent experiments 

performed in duplicate. 

Table 2-6: The reaction mix for qRT- PCR. 

 

 

 

 

Table 2-7: The temperature program for qRT-PCR. 

Mastermix-1 
iQ SYBR Green Supermix 25 µl 

Total 

50 µl 

Nuclease-free water 19 µl 

Mastermix-2 
Mastermix-1 44 µl 

Specific primer 5 µl 

Final-mix  
Mastermix-2 49 µl  

cDNA sample ~1 µg (1 µl) 

Cycling Step Hold Time Temperature # of Cycles 

Initial denaturation and 
enzyme activation 

2 min 95ºC 1 

Denaturing  10 sec 95ºC 

40  Annealing 15 sec 55ºC 

Final Extension 20 sec 68ºC 

Melting curve 10-30 sec 55 -95ºC*  1 

*in 2°C increments 
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2.2.2.4 qRT-PCR Data Analysis 

For relative quantification, the determined Ct (Cycle at threshold) values 

were normalized to 18S rRNA as the housekeeping gene (internal control) 

and relatived to the –Tet/48h group as the untreated control (reference, 

calibrator). The relative amounts of the selected p53 target genes were 

demonstrated as the fold change in the expression of these genes using the 

2-ΔΔCt equation (Livak and Schmittgen, 2001) where: 

ΔΔCt= (Ct, GoI – Ct, HKG) SoI – (Ct, GoI – Ct, HKG) REFERENCE (see Table 2.8).  

Each sample was loaded in triplicate, the Ct values for each sample 

was calculated separately for each well and then averaged. 

Table 2-8: Ct value calculation for qRT-PCR analysis. 

SoI 

-target- 
 

Reference 

(-48h/-Tet) 

GoI HKG 

 

GoI HKG 

Ct1(GoI;SoI) Ct1(HKG;SoI) Ct1(GoI;ref) Ct1(HKG;ref) 

Ct2(GoI;SoI) Ct2(HKG;SoI) Ct2(GoI;ref) Ct2(HKG;ref) 

Ct3(GoI;SoI) Ct3(HKG;SoI) Ct3(GoI;ref) Ct3(HKG;ref) 

Amount of target: 2-ΔΔCt  

ΔΔCt= (Ct, GoI – Ct, HKG) SoI – (Ct, GoI – Ct, HKG) REFERENCE 

SoI: Sample of Interest; GoI: Gen of Interest; HKG: House-
keeping gen. In our settings, HKG was 18S ribosomal RNA, and 
reference-calibrator group was -48h/-Tet group (untreated). 
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2.2.3 Protein analysis 

2.2.3.1 Immunoblotting (IB) 

Sample preparation; cell lysis and total protein extraction  

To prepare cell lysates, cells were washed with PBS (w/o Ca++/Mg++), 

incubated with trypsin for 3-5 minutes at 37°C and finally pelleted by 

centrifugation at 300 × g for 4 minutes at room temperature. The cell pellets 

were then resuspended in 1 ml ice-cold PBS buffer, transferred into pre-

chilled 1.5 ml Eppendorf tubes and centrifuged for 10 minutes at 4,500 × g at 

4°C. After that, the cell pellets were snap frozen in dry ice for 30 minutes 

before storage at -80ºC until the next process.   

The cell pellets stored at -80ºC were resuspended in an appropriate 

amount of standard lysis buffer (25-200 µl) (for the buffer composition, see 

section 2.1.2.2, page 80), vortexed and/or fragmented using a 26G 

Microlance G needle (BD, 10703815) and incubated on ice for 30-60 

minutes. Next, the lysates were centrifuged at 20,000 × g for 10 minutes at 

4°C to separate soluble proteins from insoluble proteins. The supernatant 

parts (soluble protein fractions) were transferred into new pre-chilled 1.5 ml 

Eppendorf tubes, and protein concentrations were measured by Bradford 

Protein Assay Reagent (5x, Bio-Rad, 5000006) using a spectrophotometer at 

595 nm (Jenway Spectrophotometer 6305) for an equivalent amount of 

loading in the next step. The obtained measurements were correlated to the 

one with the lowest concentration for equal loading (relative quantification). 

Lastly, 5x Laemmli SDS sample buffer (for buffer composition see section 

2.1.2.2, page 80) was added to the total cell lysates, and the mixtures were 

vortexed well and shortly centrifuged before being heated at 95°C for 5 

minutes to denature proteins. Lysates were stored at -20°C. 
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Protein Detection 

According to the length of the polypeptide, the denatured proteins were 

separated by the optimum percentage of acrylamide (see Table 2.9) sodium 

dodecyl sulfate-polyacrylamide (see section 2.1.2.2, page 80) gel 

electrophoresis (SDS-PAGE/immunoblotting system, Bio-Rad) and 

transferred onto polyvinylidene difluoride membranes (PVDF from Millipore, 

IPVH00010), as explained in the following sections.  

Table 2-9: The resolution range of proteins depending on the % of the gel. 

 

 

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis) 

Gels were prepared as outlined in section 2.1.2.2, page 80. Firstly, 10 µl of 

pre-stained protein marker (New England Biolabs, P7708S and P7706S) or 6 

µl of dual colour protein marker (Bio-Rad, 161-0374) were loaded in the first 

lane of the wells. After that, equalised amounts of sampled proteins were 

loaded onto the remaining wells of polyacrylamide gel, and electrophoresis 

was carried out at 80V for the first 30 minutes then 120V for the remainder in 

SDS running buffer (for the buffer composition see section 2.1.2.2, page 80). 

Proteins bigger than 150 kDa were separated on 8% gel at 120V for at least 

3-5 hours until 100 kDa mark ran out. 

Transfer of proteins to PVDF membrane 

Secondly, proteins in polyacrylamide gel were transferred onto methanol 

activated PVDF membrane at 400 mA (per 2 gels) for about 75 min (an ice 

block was used to keep the temperature of transfer buffer closer to room 

temperature) in transfer buffer (for the buffer composition see section 2.1.2.2, 

Polyacrylamide concentration Size separation range 

8.0% 60 kDa – 200 kDa 

10.0% 25 kDa – 200 kDa 

12.0% 20 kDa – 100 kDa  
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page 80). The transfer of large proteins (>150 kDa) was performed for 3 

hours in transfer buffer containing 10% methanol and 0.05% SDS. 

Immunoblotting analysis 

Following the transfer, the membrane was washed with distilled water and 

rinsed with Ponceau S staining solution (Sigma, P7170-1L) to check protein 

transfer, and then washed with distilled water and TBS-T (Tris-buffered 

saline and Tween), respectively. Next, non-specific binding on membranes 

was blocked with the blocking buffer (for the buffer composition see section 

2.1.2.2, page 80) for at least 30 minutes at room temperature. Finally, the 

membrane was incubated with the corresponding primary antibody diluted in 

the blocking buffer overnight at 4ºC. The following day, unbound antibody 

was washed away with TBS-T (3 x 10 minutes at room temperature), and 

samples were incubated with the appropriate horseradish peroxidase-linked 

secondary antibodies for detection of bounded antibodies for 2 hours at room 

temperature (primary and secondary antibodies are listed in section 2.1.5, 

page 88).  

Lastly, the membrane was washed with TBS-T buffer (3 x 10 minutes) 

and subjected to enhanced chemiluminescent (ECL) substrates for detection 

of horseradish peroxidase (HRP) activity from antibodies (1 ml of each 

substrate was mixed and used per membrane, for the composition, see 

section 2.1.2.2, page 80). After one-minute-incubation with the substrates at 

room temperature, the membrane covered with cling film was placed into an 

X-ray film cassette (18x24cm, SLS, MOL7336). Under red light (in the dark 

room), the membrane was exposed to a blue sensitive X-ray film (SLS, 

MOL7016) (for 3 seconds up to 30 minutes), which was then processed 

using a film processor (Konica Minolta, SRX-101A) to detect certain protein 

levels. Films were scanned to store digital images, and where adequate 

results were normalised to actin, α-tubulin or GAPDH levels as detailed in 

section below.   
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Densitometric analysis 

The ImageJ image processing and analysis software (National Institutes of 

Health, USA) was employed to compare the intensity of protein bands 

procured by immunoblotting analysis. Concisely, after X-ray films comprising 

the relevant protein bands were scanned and bands of interests were 

selected, the software calculated the intensity of the plotting area of each 

band. Background intensity and control intensity were detracted to determine 

the fold differences.  

2.2.3.2 Immunoprecipitation (IP)  

Immunoprecipitation experiments were carried out as described in Hergovich 

et al. (2005) and Hergovich et al. (2007). Cells were gently washed twice with 

ice-cold PBS (w/ Ca++/Mg++) and 1 ml of MILB lysis buffer (for the buffer 

composition see section 2.1.2.3, page 83) was added into per 10-cm plate. 

The cells in buffer were harvested by using a policeman scraper, transferred 

into pre-chilled 1.5 ml Eppendorf tube and incubated for 30 minutes on ice. 

Next, samples were centrifuged at 20,000 × g for 10 minutes at 4°C and 

supernatants were transferred into new pre-chilled 1.5 ml Eppendorf tubes. 

Importantly, 5-10% of the total cell lysate of each sample was aliquoted as 

input lysate control; mixed with Laemmli buffer, boiled for 5 minutes at 95°C 

and stored at -20°C. The remaining lysate was subjected to pre-clearing to 

eliminate unspecific binding to the sepharose beads. In the pre-clearing step, 

the protein lysate was incubated with Protein A-Sepharose for 1 hour at 4°C 

(for the preparation of Protein A-Sepharose, please see the section below). 

After the incubation, the protein extract-Protein A-Sepharose mixture was 

spin down. Next, the supernatants were transferred into the pre-chilled tubes 

containing anti-HA 12CA5 (for Anti-HA antibody coupling with Protein A-

Sepharose, please see the section below) and incubated overnight in a roller 

at 4°C. The following day, the mixture of the protein extract-anti-HA 12CA5 

was centrifuged at 20,000 × g for 30 seconds, and the supernatant was 

carefully removed without disturbing the beads. The beads were then 
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washed 3 times with MILB lysis buffer before being boiled at 95°C in an 

appropriate amount (e.g. 20 μl) of Laemmli buffer.     

Preparation of Protein A-Sepharose 

1.5 g of Protein A-Sepharose CL-4B (Fisher UK, 17-0780-01) was incubated 

overnight in 50 ml autoclaved ddH2O at 4°C on a roller shaker. The next day, 

the beads were centrifuged at 300 × g for 4 minutes, and residual ddH2O was 

cautiously aspirated without disturbing the beads. In this way, the beads 

were washed twice with ddH2O and with PBS (w/o Ca++/Mg++), respectively. 

Subsequently, the beads were transferred into 15 ml falcon tubes, washed 

once with PBS (w/o Ca++/Mg++) and then centrifuged at 300 × g for 2 minutes 

at 4°C before PBS (w/o Ca++/Mg++) was carefully aspirated. Finally, 3 ml PBS 

(w/o Ca++/Mg++), 2 ml 100% ethanol and 100 µl 10% Na-Azide were added 

into 5 ml swollen beads. Beads in 50% slurry with 20% ethanol in PBS and 

0.1% Na-Azide were stored at 4°C.  

Anti-HA (12CA5) antibody coupling with Protein A-sepharose 

Anti-HA (12CA5) hybridoma supernatant (provided by the Hergovich 

Laboratory) was incubated with Protein A-Sepharose at 4°C in 1% NP-40 

solution to have anti-HA 12CA5 antibody bound to protein A-sepharose. 10 

ml of anti-HA (12CA5) supernatant was incubated overnight with 1 ml 10% 

NP-40 solution and 1.5 ml protein A-sepharose (50% slurry) on roller shaker 

at 4°C. The following day, the beads were washed two times with PBS (w/o 

Ca++/Mg++) and three times with 0.2 M Na-Borate (pH 9.0). 51.8 mg of DMP 

(dimethyl pimelimidate) (Fisher UK, 21667) dissolved in 5 ml 0.2 M Na-

Borate (pH 9.0) was then added to 5 ml beads slurry, which was then 

incubated for at least 1 hour at room temperature. Next, the beads were 

washed twice with 0.2 M ethanolamine (pH 8.0) and incubated for 3-4 hours 

at room temperature with 0.2 M ethanolamine (pH 8.0). Following the 

incubation, the beads were washed twice with PBS (w/o Ca++/Mg++) and 

dissolved in 1.5 ml PBS (w/o Ca++/Mg++) containing 0.2% Na-Azide, and 

finally stored at 4°C.   
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2.2.3.3 Yeast 2 Hybrid (Y2H) screen 

To identify novel direct hMOB2 binding partners, a normalised universal 

human tissue cDNA library was screened using pLexA-NhMOB2 (full-length) 

as bait. The complexity of the pGADT7-recAB based cDNA library was 2.8 x 

106 with an average insert size of 1.58 kb. Screening of 1 x 106 transformants 

yielded 59 bait dependent hits, resulting in the identification of total 28 

putative interactors. Only four novel binding partners of hMOB2 were 

identified at least twice (RAD50, UBR5, KPNB1, and KIAA0226L). All nine 

hits for UBR5 were out of the frame and identified the HECT domain of UBR5 

as potential interaction site while all four hits for RAD50 were in the frame 

(see Table S2.2 in the Supplementary section, page 128). The Y2H screen 

was performed by Dual systems Biotech AG (Zurich, Switzerland).       

2.2.3.4 Chromatin isolation  

Chromatin isolation experiments were conducted as described in Herold et 

al. (2008). For chromatin–cytosol separations, cells were trypsinized and 

harvested in ice-cold PBS, centrifuged at 1,000 × g for 2 minutes at 4°C, and 

resuspended in buffer A (for the buffer composition see section 2.1.2.4, page 

83). The lysates were incubated for 10 minutes and then centrifuged at 1,500 

× g for 5 minutes at 4°C. Next, the supernatants were collected as a cytosolic 

fraction (CF) in fresh pre-chilled 1.5 ml Eppendorf tube. The pellets were 

washed once with buffer A, lysed for 10 minutes at 4°C in buffer B (for the 

composition see section 2.1.2.4, page 83), followed by centrifugation at 

1,700 × g for 5 minutes at 4°C. Next, the supernatants (soluble nuclear 

fraction, SNF) were collected in fresh pre-chilled 1.5 ml Eppendorf tube. 

Pellets (insoluble chromatin fraction, ISCF) were washed once with buffer B 

and centrifuged at 9,000 × g for 2 minutes at 4°C, resuspended in Laemmli 

buffer and finally fragmented using a 26G Microlance G needle (BD, 613-

3917). Cytosolic fraction (CF) and soluble nuclear fraction (SNF) were pooled 

to one soluble fraction. Equal volumes of fractions (ISCF and CF + SNF) 

were analysed by immunoblotting as described in section 2.2.3.1, page 103. 
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2.2.3.5 Immunofluorescence (IF)     

Immunofluorescence analysis was performed as described in Hergovich et 

al. (2005). Exponentially growing 7 x 104 cells were plated per well (6-well 

format) on coverslips covered with 0.1% gelatine (Fisher UK, G/0150/53) 

then shook up/down and left/right for the equal distribution of individual cells 

and left to adhere in a 37°C incubator set at 5% CO2 until analysis. In the 

following step, the cells were prepared for the analysis as follows. The 

medium was aspirated and the cells were washed once with PBS (w/o 

Ca++/Mg++ used all the time) and then fixed in PFA fixation solution (for the 

composition see section 2.1.2.5, page 84) for 15 minutes at room 

temperature. After fixation, cells were washed once with PBS and 

permeabilized in 2 ml 0.5% Triton X-100 in PBS for 2 minutes at room 

temperature. The coverslips comprising cells were carefully transferred from 

wells to the washing stands and washed with PBS in a washing basin (5 

times, 1 minute each). Next, cells were incubated with IF blocking buffer (for 

the buffer composition see section 2.1.2.5, page 84) for 30 minutes at room 

temperature (incubated upside-down on a piece of parafilm with 50 µl 

blocking buffer in IF chambers). Afterward, cells were washed with PBS and 

incubated overnight with the corresponding primary antibodies (see section 

2.1.5, page 88) diluted in 1% goat serum in PBS at 4°C. The following 

morning, cells were first washed with PBS, and then incubated with the 

corresponding secondary antibodies (see section 2.1.5, page 88) diluted in 

1% goat serum in PBS at room temperature in the dark. DNA was 

counterstained with 1 µg/ml 1,4,6-diamidino-2-phenylindole (DAPI, Sigma, 

32670-5MG-F). After 2 hours incubation, the cells were washed with PBS 

and each coverslip was dipped in ddH2O for 5 seconds before being inverted 

into 8 µl Vectashield mounting medium (Vector Lab. Burlingame, CA, H-

1000) in a microscope slide. Finally, the corners of the cover slides were 

sealed with nail polish and slides were stored at 4°C in the dark until being 

analysed under the microscope. Images were acquired with an ApoTome 

fluorescence microscope (Zeiss) and processed with AxioVision AxioVS40 

V4.8.1.0 (Zeiss) and Photoshop CS5 (Adobe Systems Inc.).  
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2.2.4 Mammalian tissue culture methods 

2.2.4.1 Cell lines and culture conditions  

(for details of media, see section 2.1.3, page 85) 

Standard cell culture techniques were applied during the experiments. RPE-

1, U2OS, COS7, HCT116, HOC 7, OVCA 429, HEY, SKOV 3, OVCAR 3, 

OVCAR 8, IGROV 1, OVCA 433 and PT67 cell lines were maintained in 

standard basal medium Dulbecco modified Eagle medium (DMEM), all 

supplemented with 10% fetal bovine serum at 37°C and 5% CO2. MCF10A 

cells were cultivated in DMEM: Nutrient Mixture F-12 containing horse 

serum, epidermal growth factor (EGF), hydrocortisone, cholera toxin and 

insulin at 37°C in 5% CO2. BJ-hTert fibroblasts were grown in 

DMEM:Medium199 comprising 10% FCS and gentamicin. U2OS cells 

containing GFP-based reporters were grown in DMEM w/o pyruvate. Media 

were also supplemented with Penicillin and Streptomycin antibiotic cocktail 

as well as specific selection antibiotics where needed. HOC 7, OVCA 429, 

HEY, SKOV 3, OVCAR 3, OVCAR 8, IGROV 1, OVCA 433 cells were kindly 

provided by Dr. Christina Gewinner. U2OS cells containing GFP-based 

reporters were generously provided by Prof Jeremy M. Stark (Beckman 

Research Institute of the City of Hope, USA).       

2.2.4.2 Cell culture maintenance 

All cell lines used in this project were first grown in a T75 flask (75-cm, 

Greiner, 658175), in humidity-saturated (95%) cell culture incubators 

(RSBiotech, Galaxy R+), at 37°C and 5% CO2. All experimental procedures 

were performed in Class II Biosafety Cabinet (Esco) using aseptic good 

laboratory practices. The confluent cells (80-90%) were routinely passaged 

according to the growth rate of cells. Briefly, the culture medium in the T75 

flask was first aspirated, and the residual medium was removed by carefully 

washing the surface of the flask with 5 ml dPBS (w/o Ca++/Mg++). Afterward, 

cells were detached using 3 ml 0.25% Trypsin/EDTA solution at 37°C for 3-5 

minutes (MCF10A cells were incubated with 3 ml 0.05% Trypsin solution for 
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20-25 minutes). Further to the neutralization of trypsin by adding 6 ml of 

complete growth medium, the cell pellet was obtained by centrifugation at 

300 × g for 4 minutes at room temperature. After discarding the supernatant, 

cells pellets were resuspended in complete growth medium to seed into new 

flasks at a ratio of 1/3 to 1/8 depending on the cell line. All cell lines were 

kept in cell culture at a maximum of 2 months, after which point fresh stocks 

were taken from liquid nitrogen. Media were stored at 4 °C for a maximum of 

3 months.  

2.2.4.3 Cryopreservation and retrieval of cell lines                   

Cells grown in either 10-cm plates (Fisher UK –Corning, TKV-160-049F) or 

T175 flasks (175-cm, Greiner, 660175) to 70-80% confluence were 

trypsinized and centrifuged as described in the section above. The pellet was 

resuspended in the freezing medium (see section 2.1.3, page 85). The final 

cell suspension was aliquoted as 1 ml per 2.0 ml cryotubes (Sarstedt, 

72.379.992) (not more than 2 x 106 cells per ml per vial), and was directly 

placed into a Mr. Frosty container (VWR – Nalgene, 479-3200) comprising 2-

propanol (Fisher UK, A426-4). The cells were initially stored at -80°C for at 

least 24 hours (cooled 1°C per minute in Mr. Frosty) before being transferred 

to a liquid nitrogen tank (Lab mode, LS6000) for long term storage.  

To bring frozen cells into the culture, cells were retrieved from liquid 

nitrogen by placing the cryotubes in a sterile 37°C water bath (Jencons – 

VWR, STUASWB2) for about 45-60 seconds for thawing. Next, cells were 

immediately resuspended in 5 ml complete growth medium in a 15 ml Falcon 

and centrifuged at 300 × g for 4 minutes at room temperature to eliminate 

possible toxic effects of DMSO which the freezing medium contained. 

Following the aspiration of the supernatant using a vacuum pump, cell pellets 

were resuspended in complete growth medium and seeded into a T75 flask, 

which were then incubated at 37°C and 5% CO2.          
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2.2.4.4 Cell counting for seeding and proliferation assays 

Harvested cells, by centrifugation at 300 × g for 4 minutes at room 

temperature, were resuspended in complete growth medium, and 1 ml cell 

suspension was counted using Vi-Cell® automated cell counter (Cell Viability 

Analyser, Beckman Coulter), which determines cell concentration and 

viability based on the trypan blue dye exclusion method.  

2.2.4.5 Cell transfections  

Transient siRNA reverse transfection (RNA interference) 

According to the manufacturer`s instructions, Lipofectamine® RNAiMAX 

transfection reagent (Invitrogen, 13778150) was used in our RNA 

interference (RNAi) experiments to knockdown mRNA levels of our genes of 

interest using various concentrations of siRNA oligos purchased from Qiagen 

(see section 2.1.7, page 92). Briefly, a pre-determined amount of siRNA 

duplex (depending on the efficacy of siRNA used, the surface area of cell 

culture vessel used, and the number of cells transfected) and twice the 

volume of transfection reagent were diluted in separate 1.5 ml Eppendorf 

tubes containing an appropriate volume of OPTIMEM medium. Following to 

5-minute incubation of the transfection reagent in the medium, both solutions 

were mixed, and the tubes were inverted continuously for 30 seconds. The 

mixed solution was left for 10 minutes at room temperature to have the final 

RNA-lipid complexes. Meanwhile, the target cells were harvested and 

pelleted as previously described, and the pre-determined number of cells 

(depending on the experiment performed) was resuspended in an 

appropriate volume of OPTIMEM medium. After RNA-lipid complexes had 

been mixed with cell suspension for 10 minutes at room temperature, the 

resulting suspension was diluted accordingly and seeded in the relevant 

plates. After 24 hours of transfection, the medium was refreshed to avoid any 

toxicity effect of the reagent. The final concentrations of siRNA oligos varied 

from 1 – 15 nM. siLuc (see section 2.1.7, page 92) was employed as a 

negative control. Cells were grown at 37°C and 5% CO2, and analysed in the 
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following 2-12 days depending on the experiment conducted. The successful 

manipulation in all transfections was confirmed by immunoblotting.  

Transient plasmid DNA forward transfection 

Fugene 6 transfection reagent (Promega, E2692) was employed to perform 

the transient expression of desired plasmid DNA in our target cells as 

described by the manufacturer. 24 hours before the transfection, 

exponentially growing cells were plated at a consistent confluence in 10-cm 

plates. The following day, the transfection was carried out with the ratio of 

DNA (1 μg): Fugene (3 μl).  Briefly, 15 µl of the Fugene reagent was diluted 

in a total volume of 500 µl OPTIMEM medium in a 1.5 ml Eppendorf tube and 

incubated for 5 minutes at room temperature. Meantime, 5 µg of pure 

plasmid DNA was diluted in a total volume of 500 µl OPTIMEM medium in a 

separate 1.5 ml Eppendorf tube, and finally, the contents of both tubes were 

mixed well and incubated for 30 minutes after inverting the tube continuously 

for 30 seconds. During the incubation time, the target cells were washed 

once with dPBS (w/o Ca++/Mg++) and supplemented with 5 ml of antibiotic-

free medium. Consequently, the mixture was added to the cells dropwise 

while gently shaking the plates to ensure the even distribution. The cells 

were incubated at 37°C and 5% CO2, and analysed in the following 3-7 days. 

The successful manipulation in all transfections was confirmed by 

immunoblotting. 

Generation of inducible (Tet-on) and stable cell lines (retroviral 

infection) 

Tetracycline-inducible (Tet-on) cell lines used in this project were generated 

by Lily Hoa and Dr. Alexander Hergovich and maintained as described in 

Gomez-Martinez et al. (2013).  

Retroviral pools using pMKO.1 puro, pSuper.retro.puro, or pLXSN 

plasmids were generated as reported in Hergovich et al. (2007). Briefly, for 

stable transfection of cells, PT67 cells, a retrovirus packaging cell line, were 

plated at a consistent confluence (2 x 10 E6 cells/10-cm dish). The next day, 
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target cells were seeded (3-5 x 105 cell/10-cm dish), and PT67 cells were 

transfected using Lipofectamine 2000 (Invitrogen, 11668027) as described 

by the manufacturer. Concisely, 30 µl of the transfection reagent was added 

directly to 720 µl OPTIMEM medium in a 2.0 ml Eppendorf tube and mixed 

by inverting the tube repeatedly for about 30 seconds before the incubation 

for 5 minutes at room temperature. In the meantime, 12 µg of pure plasmid 

DNA was diluted in a total volume of 750 µl OPTIMEM medium and mixed 

well by inverting the tube repeatedly for about 30 seconds. After a short spin, 

the contents of both tubes were mixed well and incubated for 20-30 minutes 

at room temperature. During the incubation time, the PT67 cells were 

washed once with dPBS (w/o Ca++/Mg++) and supplemented with 5 ml of 

antibiotic-free medium. Finally, the DNA/Lipofectamine/OPTIMEM mixture 

was added to cells dropwise while gently shaking the plates to ensure equal 

distribution. Cells were incubated for 4 to 6 hours at 37°C and 5% CO2 

before the medium were replaced by the fresh antibiotic-free medium to 

minimize the toxic effect of the reagents. During the following two days, the 

supernatant of PT67 cells was collected by a syringe, filtered (Filtropur S 

0.45 µm filters, Sarstedt, 83.1826), mixed with 0.8 µg/ml polybrene (see 

section 2.1.3, page 85), and finally transferred into corresponding target cells 

which were required to be stably infected. Next, infected target cells were 

selected for 7-14 days using pre-determined concentration of the 

corresponding antibiotics, which were determined according to previously 

performed antibiotic kill curve analysis. The manipulation in all transfections 

was confirmed by immunoblotting. Before performing the end point analysis, 

exponentially growing cell pools were stocked in a liquid nitrogen tank (as 

described in section 2.2.4.3, page 111). 

2.2.4.6 Drug/inhibitor treatments and irradiation         

Drugs and inhibitors (please see Table 2.10 for the types of drugs and their 

chemical structures) used in this project were prepared as specified in Table 

2.11 below. The effect of X-rays was chosen to be evaluated in this project, 

referred as ionising radiation (IR) and measured in Gray (Gy). For IR 
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treatments, cells were plated at fixed densities, followed by irradiation with 

indicated doses at a rate of 5 Gy/min (215 kV, 12.0 mA, 1.0 mm Al filter) 

using an AGO HS 320/250 X-ray machine (AGO X-ray Ltd.), which was 

equipped with a NDI-321 stationary anode X-ray tube (Varian). The cells 

were then processed for immunoblotting, clonogenic, or comet assays as 

described in the corresponding result sections and figure legends.    

Table 2-10: Compounds used in cell cycle checkpoint analysis, colony 

survival assays and DNA damage repair experiments. 

Compounds Type of drug Structure 

Doxorubicin  

hydrochloride 

DNA intercalator  

topoisomerase II inhibitor 
(poison) 

 

Etoposide topoisomerase II inhibitor 

 

Camptothecin topoisomerase I inhibitor 

 

Cisplatin DNA crosslinking agent 

 

Mitomycin C DNA crosslinking agent 

 

KU55933 ATM inhibitor 

 

NU7441 DNA-PK inhibitor 
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Table 2-11: Preparation of drug/inhibitor stocks and details of the chemicals. 

AZD2281 
PARP inhibitor 

(olaparib) 

 

AG-014699 
PARP inhibitor 

(rucaparib) 

 

ABT-888 
PARP inhibitor 

(veliparib) 

 

Stock Drugs Solvent Storage Company, Cat # 

5 mM Doxorubicin (DOX) ddH2O -20°C (Sigma-Aldrich, D1515) 

5 mM Etoposide (ETO) DMSO -20°C (Sigma-Aldrich, P1383) 

5 mM Camptothecin (CPT) DMSO -20°C 
(Cambridge 
Biosciences, C0150) 

3.3 
mM 

Cisplatin (CDDP)  RT 
provided by Dr. Victoria 
Spanswick 

1 mM Mitomycin C (MMC) DMSO -20°C (Sigma-Aldrich, M4287) 

10 
mM 

ATM inhibitor (KU-
55933) 

DMSO -80°C 
(Calbiochem/Merck, 
118500) 

5 mM 
DNA-PK inhibitor 
(NU7441) 

DMSO -80°C (Selleck, S2638) 

10 
mM 

PARP inhibitor 

Olaparib (AZD-2281) 
DMSO -80°C 

(Enzo/Axxora, LKT-
O4402) 

10 
mM 

PARP inhibitor 

Rucaparib (AG-
014699) 

DMSO -80°C 
(Selleck/Stratech, 
S1098) 

10 
mM 

PARP inhibitor 

Veliparib (ABT-888) 
DMSO -80°C 

(Selleck/Stratech, 
S1004) 
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2.2.5 Functional assays 

2.2.5.1 Cell proliferation assays 

A pre-determined number of exponentially growing cells were seeded in 10-

cm dishes for proliferation assays. The number of viable cells harvested by 

trypsinization was then determined with cell counter during the time course of 

the experiment. Three independent experiments were performed for cell 

proliferation assays. Alternatively, cell proliferation assays were also 

performed using kinetic live cell imaging system (The INCUCYTE™ Kinetic 

Imaging System, Essen BioScience). Concisely, depending on the seeding 

format, a fixed number of cells (determined based on the preliminary 

experiments) were seeded in multi-well plates as replicates, which were then 

placed into the IncuCyte (located on the 4th floor of CI, UCL). The confluency 

of cells was automatically measured every two hours following two/three 

weeks. The final analysis was carried out by the IncuCyte software 

(INCUCYTE™, 2011 Essen BioScience Inc., 2011A Rev2).    

2.2.5.2 Cell cycle analysis by DNA content (Flow cytometry) 

Fixation of cells 

DNA content analysis was carried out by propidium iodide (PI) staining to 

compare cell cycle distribution between control and treatment groups. Cells 

were first fixed before flow cytometry analysis was employed to study cell 

cycle profiles. Briefly, exponentially growing cells seeded at a consistent 

confluence in 10-cm plates were trypsinized and collected by centrifugation 

at 300 × g for 4 minutes at 4ºC in 15 ml falcon tubes. The cell pellets were 

then resuspended in 300 µl ice-cold PBS (w/o Ca++/Mg++). At the same time, 

700 µl ice-cold 70% ethanol (stored at -20ºC) were added to new pre-chilled 

15 ml falcon tubes. The cells resuspended in PBS were added dropwise to 

pre-chilled 15 ml falcon tubes containing ethanol while vortexing and fixed 

cells were stored at -20ºC until flow cytometry analysis. 
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Flow cytometry analysis 

To prepare fixed cells for flow cytometry analysis, the cells were centrifuged 

at 3,200 × g at 4°C for 4 minutes, and supernatants were removed. After 

that, the cell pellets were washed with cold PBS (w/o Ca++/Mg++) by pipetting 

up and down and centrifuged at 3,200 × g for 4 minutes at 4°C (twice). In the 

next step, supernatants were removed, samples were treated with 10 µg/ml 

RNase A in 1 ml PI solution (for the buffer composition, see section 2.1.2.6, 

page 84) and incubated for half an hour at 37°C in the dark. Lastly, cell cycle 

analysis was carried out using a flow cytometer (CyAn™ ADP Analyzer, 

Beckman Coulter). The obtained results were evaluated with the Summit 

v4.3.02 software (Beckman Coulter, Inc.). 

2.2.5.3 The alkaline Comet assay 

We utilised the alkaline Comet assay (single-cell gel electrophoresis) as a 

sensitive technique for the detection of DNA damage level (SSBs and DSBs) 

in the individual eukaryotic cell. The Comet assays were performed as 

described in Hartley et al. (1999).  

Preparation of pre-coated slides and cell lines before setting 

up the comet assay 

Before starting the assay, slides were pre-coated with 1% type 1-A agarose 

(Sigma-Aldrich, A-0169; dissolved in ddH2O, boiled and cooled to 40°C) by 

pipetting 1 ml of molten agarose onto the centre of single-frosted glass 

microscope slides (VWR, 631-0111). The slides were allowed to set and dry 

overnight at room temperature. Cells were harvested and subsequently 

stored in the freezing medium at -80°C until being analysed by 

electrophoresis. 

 

 



 

119 

 

Preparation of slides with cells embedded in LGT agarose  

Firstly, frozen cells were thawed and diluted in 4 ml complete medium to 

have a cell suspension of 25 x 103 cells/ml, which was always kept on ice. 

Each sample including positive control was separated into 2 appropriately 

labelled 15 ml falcon tubes, and duplicate agarose pre-coated slides were 

labelled accordingly and placed in a tray on ice. 24-well multi-plate was 

utilised to mix cell suspension and agarose. In a well of 24-well multi-plate, 

0.5 ml of the appropriate cell suspension was mixed with 1 ml of molten 1% 

LGT-agarose (Sigma-Aldrich, A-4018; dissolved in ddH2O, boiled and cooled 

down to 40°C). 1 ml of the mixture from each well was pipetted onto the 

centre of the corresponding slides, and a coverslip (VWR, 631-0145) was 

placed on top of each one (for equal dispersion of the agarose across the 

slide) before the slides were placed on ice. Once the gels had set, the 

coverslips were removed, and the slides were placed back in the tray, on ice.  

Incubation of cells with lysis and alkaline buffers followed by 

electrophoresis 

All gels were prepared as above, and samples were incubated with ice-cold 

lysis buffer on ice in the dark for 1 hour (for the buffer composition, see 

section 2.1.2.6, page 84, 1% Triton X-100 freshly added). Next, the lysis 

buffer was carefully removed using the water vacuum pump without 

disturbing the gels, followed by washing with ice-cold double-distilled water 

four times (15 minutes each) in the dark. Next, the slides were transferred 

into the flatbed electrophoresis tank (Flowgen UK, C25599) so that all the 

slides were laid lengthways in the same direction. Afterward, 3 L of ice-cold 

alkaline buffer (for the buffer composition, see section 2.1.2.6, page 84) was 

poured into the tank (completely immersed the slides), and then the samples 

were incubated in the dark for 45 minutes. After that, electrophoresis was 

carried out for 25 minutes at 18V (0.6V/cm) and 250mA in the dark.  

Following the electrophoresis, the slides were carefully removed from 

the tank and placed on a horizontal slide rack. Each slide was flooded with 1 

ml of neutralisation buffer and left for 10 minutes before rinsing them twice 
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with 1 ml PBS. After 10 minutes, excess liquid was drained off, and the slides 

were allowed to dry at room temperature overnight. 

Staining of nucleic acids by PI and visualization of the comets  

The following day, the slides were rehydrated by flooding with ddH2O and left 

for 30 minutes. Afterwards, each slide was washed twice with 1 ml of 2.5 

µg/ml propidium iodide (PI) solution and incubated for 15-20 minutes at room 

temperature in the dark. After rinsing off the propidium iodide with ddH2O, the 

slides were left for 20-30 minutes. Finally, following to drying the slides in the 

oven at 37°C for 2-3 hours, the slides were stored in a slide box until image 

analysis. Individual cells were visualised, and pictures of comets were taken 

at x20 magnification using an imaging system attached to a NIKON inverted 

microscope (with high mercury-arc lamp; 510-560 nm excitation and 590 nm 

barrier filters). Per sample/time point/experiment at least 100 cells were 

randomly selected from duplicate slides and individual DNA damage levels in 

the captured images were analysed using the Komet Analysis software 4.02 

(Andor Technology, U.K.). Tail moment of each cell calculated by the 

software was determined as the difference between the head and tail 

distributions of damaged DNA. 15-Gy-irradiated samples served as positive 

controls. At least three independent experiments were conducted for analysis 

of DNA damage levels.   

Measurement of ICL levels using the Comet assay  

A modified Comet assay analysis was also carried out to measure DNA ICL 

formations in individual cells as described in Spanswick et al. (2010). The 

experimental methodology was the same with the alkaline Comet assay 

protocol explained above with minor modifications. After treatment with the 

indicated ICL-inducing agent, cells were harvested and frozen at indicated 

time points. Prior to analysis, cells were thawed and subsequently 

resuspended in ice cold media to a concentration of 25 x 103 cells/ml, which 

was always stored on ice. These cell suspensions were irradiated (17.5Gy) 

using the AGO HS 320/250 X-ray machine (AGO X-ray Ltd.) (see section 
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2.2.4.6, page 114) in order to introduce a fixed number of spontaneous DNA 

strand breaks (procedure performed on ice), immediately prior to analysis.   

Significantly, results were stated as percentage decrease in tail 

moment compared to untreated irradiated controls that is calculated as 

follows (tail moments were calculated from the same software as previously 

outlined): 

 

where:  TMdi = tail moment of drug-treated irradiated sample 

TMcu = tail moment of control, unirradiated, untreated  

TMci = tail moment of control, irradiated, untreated.  

2.2.5.4 Colony survival assays (clonogenic assays) 

Clonogenic assays were carried out as defined in Franken et al. (2006) and 

Roossink et al. (2012). Depending on the dose of the treatments, pre-

determined numbers (see Table 2.12 below) of transiently (reverse) 

transfected cells (with indicated siRNAs, as described in section 2.2.4.5, 

page 112) were seeded in 6-well plates (Fisher UK –Corning, TKT-520-

010C) (shook up/down and left/right every 10 minutes, 3 times for the equal 

distribution of individual cells) and left to adhere in a 37°C incubator set at 

5% CO2 for 24 hours, before being treated with indicated doses. For every 

experiment performed, the transfection efficacy was confirmed by 

immunoblotting. After treatment with the corresponding drug or irradiation 

and three media washes, cells were replenished with fresh complete medium 

every three days until colony size reached more than 50 cells per colony. 

Before colonies started to overlap, cells were first washed with PBS (w/o 

Ca++/Mg++), and fixed with MeOH/acidic acid (3:1) solution for 5 minutes, 

followed by staining with 0.5% crystal violet for 15 minutes at room 

temperature. The stained plates were rinsed carefully with tap water using an 

Erlenmeyer to prevent the stained colonies from loosening and washing off. 
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After letting the plates air-dry overnight at room temperature, the number of 

colonies having more than 50 cells was counted per well.  

Table 2-12: The number of cells seeded for the corresponding dose of 

indicated treatments in colony survival assays. 

 

 Conc no:cell  Conc no:cell  Conc no:cell 

Doxorubicin   

0 nM 200 

X-ray 

0 Gy 200 

Etoposide  

0 uM 200 

50 nM 200 1 Gy 200 1 µM 200 

100 

nM 
500 

2 Gy 
500 

2.5 

µM  
200 

250 

nM 
500 

3 Gy 
500 5 µM  500 

500 

nM 
1000   

 
 

Camptothecin   

0 nM 200 

Mitomycin 

C 

0 µM  200 

Cisplatin  

0 µM  200 

20 nM 500 1 µM  500 5 µM  200 

200 

nM 
1000 2 µM  1000 

10 µM  
500 

  3 µM  2000 15 µM  500 

    20 µM  1000 

ATM, DNA-

PK, PARP 

inhibitors 

0 µM  200 

 

  

 

  

1 µM  200     

10 µM  200     
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The surviving fraction was calculated using the plating efficiencies 

(PE) of the corresponding non-treated controls as a reference. To calculate 

the PE, the three colony counts for each dose of the relevant treatment were 

averaged, and the mean was divided by the number of cells plated. This 

gave the PE as follows: 

 

Following the calculation of the PE, the survival fraction (SF) of 

colonies surviving in each dose of the corresponding treatment was 

determined. First, all the plating efficiencies of the treated samples were 

normalised to that of the untreated control samples, consequently 

considering that to be 100%. The SF was calculated by dividing the PE of the 

treated cells by the PE of the controls, and then multiplying by 100. This gave 

the SF as follows: 

 

Results shown are averages of at least three independent 

experiments performed in triplicate. All buffers/solutions were always 

prepared fresh as listed in section 2.1.2.8, page 85.  
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2.2.5.5 I-SceI-based GFP recombination (DNA repair) assays 

Background  

To examine the functionality of DNA double-strand break (DSB) repair 

pathways, I-SceI-based GFP reporter assays were employed for the HRR 

and NHEJ repair pathways. The experiments were carried out as described 

in Gunn and Stark (2012). In principle, DSBs are induced by transient 

expression of I-SceI enzyme in the corresponding cells. The induced DSBs 

are then repaired by the relevant repair pathway, which generates a 

functional full-length GFP gene (Figure 2.1). The produced GFP expression 

levels are considered as a precise readout for the efficiency of repair 

pathway tested (Pierce et al., 1999). 

Cell seeding and I-SceI transfection 

24 hours before I-SceI transfection exponentially growing U2OS cells 

(DFGRP or EJ5GFP) were transiently (reverse) transfected with the 

corresponding siRNAs as described in section 2.2.4.5, page 112. Next, 1 x 

105 cells were seeded in duplicate per well (12-well format) (shook up/down 

and left/right every 10 minutes, 3 times for the equal distribution of individual 

cells) and left to adhere in a 37°C incubator set at 5% CO2. The remaining 

transfected cells were plated in 6-cm plates and harvested 24 hours later for 

immunoblotting (to confirm siRNA transfection). The next day, the cells were 

transfected with either pCAGGS (empty vector) or pCBASceI (I-SceI) (see 

section 2.1.6, page 91) plasmids using Fugene 6 (Promega, E2692) forward 

transfection reagent as described in section 2.2.4.5, page 112 with minor 

modifications as follows: 3.6 µl of the reagent diluted in 100 µl OPTIMEM 

medium was mixed with 100 µl OPTIMEM medium containing 1.2 µg of the 

relevant plasmid DNA for 20 minutes, and the resulting mixture was added 

dropwise to the corresponding cells. The following morning, cell culture 

medium was refreshed, and the cells were incubated at 37°C and 5% CO2 

and analysed after 72 hours following I-SceI transfection. Cells which were 

untransfected or transfected with pEGFP (GFP) served as experimental 
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negative and positive controls, respectively. Cells transfected with pCBASceI 

(I-SceI) and treated with either 10 µM ATM inhibitor for 60 hours or 10 µM 

DNA-PK inhibitor for 60 hours were used as assay controls for DRGFP 

(HRR) or EJ5GFP (NHEJ), respectively. Since the I-SceI protein contains a 

hemagglutinin (HA) tag, the expression HA-tagged I-SceI was monitored by 

immunoblotting using an anti-HA antibody. 

Cell fixation and Flow cytometry analysis 

Three days (approx. 72 hours) after I-SceI transfection, cells were analysed 

by flow cytometry (BD LSRFortessa™ X-20 cell analyser). After washing with 

PBS (w/o Ca++/Mg++), cells were incubated with 200 µl trypsin for 3-5 minutes 

at 37°C. Meanwhile, 4% methanol-free formaldehyde was prepared from a 

16% stock solution (Fisher UK, 11586711) in PBS (w/o Ca++/Mg++) and 200 

µl of it were added to 5 ml sterile polyethylene flow cytometry tubes (Fisher 

UK, 14-959-2A) labelled appropriately. Following the trypsinization, 400 of µl 

complete growth medium was added to cells to inactivate trypsin, and 

duplicates were pooled (total 1.2 ml cell suspension for each group). 600 µl 

of the whole trypsinized sample were dispersed by pipetting and placed into 

a pre-labelled 1.5 ml Eppendorf tube (for immunoblotting analysis of HA). 

The remaining 600 µl mixture was added dropwise to the 5 ml flow cytometry 

tubes containing 200 µl 4% formaldehyde while vortexing (hence the final 

concentration of formaldehyde was 1%). The GFP signal was evaluated in all 

samples. A plot of forward scatter (FSC) versus side scatter (SSC) was 

generated by gating for events that were consistent with individual cells 

before all cells were analysed in a plot monitoring green fluorescence. The 

obtained results were evaluated with the Summit v4.3.02 software (Beckman 

Coulter, Inc.).  
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Figure 2.1 

Design of the HRR and NHEJ assays.         

(A) DR-GFP reporter construct measures the efficacy HRR. This construct bears 

two defective GFP genes; the first one has an I-SceI endonuclease site and the 

second one is a truncated form of GFP sequence. Transient I-SceI expression 

induces DSB induction, which can be repaired by HRR, resulting in GFP+ cells 

measured by a flow cytometer. (B) EJ5-GFP reporter construct measures the 

efficacy of NHEJ. This reporter has one GFP sequence interrupted by a puromycin 

cassette along with two I-SceI sites. Transient I-SceI expression results in DSB 

induction and the broken ends can be ligated by NHEJ, resulting in GFP+ cells 

measured by a flow cytometer.    

2.2.6 Statistical analysis 

Graphics and statistical analyses were carried out using the GraphPad Prism 

6 and the Microsoft Excel 2010 software. All results are presented as mean 

of replicates and error bars as mean ± standard error of mean (SEM), unless 

stated otherwise. The significance of differences between the means or the 

population distributions was determined using the two-way ANOVA test (for 

proliferation analysis), or one-tailed unpaired Student's t-test (for qRT-PCR, 

γH2AX/53BP1 and RPA foci, comet experiments, clonogenic survival assays, 

cell cycle checkpoint experiments, and GFP-reporter assays), unless stated 

otherwise. For all tests, differences were considered statistically significant 

when p-values were below 0.05 (*), 0.01 (**), or 0.001 (***), respectively. p-

values are indicated in the corresponding figures and their legends.  
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2.2.7 Supplementary information  

 

Figure S2.1 

The representative image of the performed 2% agarose gel, suggesting total RNAs 

extracted from samples were of high quality for cDNA synthesis. The gel allows 

visualization of two central bands indicating 28S and 18S ribosomal RNAs, 

respectively (please see section 2.2.2.1, page 98). 
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Table S2.1 

The measurements of total RNA concentration and absorbance determined by a 

Nanodrop® spectrophotometer, to determine the quantity and quality of our RNA 

extractions before the equivalent amount of total RNA were subjected to cDNA 

synthesis (please see section 2.2.2.1, page 98). 

  

Group  Concentration 
Absorbance 

(A260/280) 

-tet 48h 600 ng/µl 1.90 

+tet 48h 1.355 ng/µl 1.86 

-tet 72h 915 ng/µl 1.88 

+tet 72h 1.140 ng/µl 1.95 

-tet 96h 1.070 ng/µl 1.96 

+tet 96h 1.660 ng/µl 1.88 



 

129 

 

 

Table S2.2 

List of all novel binary binding partners of hMOB2 identified by yeast two-hybrid 

(Y2H) screens (please see section 2.2.3.3, page 108). Please see also Gomez et al. 

(2015) 

 

 

 

 

 

  

Group Class Prey-ID Frame uniprot ID protein name (description) Harvester link

hMOB2_prey_40 2 B7ZBN5 Chromosome 13 open reading frame 18 OS=Homo sapiens GN=C13orf18 PE=4 SV=1 B7ZBN5

hMOB2_prey_48 2 B7ZBN5 Chromosome 13 open reading frame 18 OS=Homo sapiens GN=C13orf18 PE=4 SV=1 B7ZBN5

hMOB2_prey_02 1 O95071 E3 ubiquitin-protein ligase UBR5 OS=Homo sapiens GN=UBR5 PE=1 SV=2 O95071

hMOB2_prey_05 1 O95071 E3 ubiquitin-protein ligase UBR5 OS=Homo sapiens GN=UBR5 PE=1 SV=2 O95071

hMOB2_prey_06 1 O95071 E3 ubiquitin-protein ligase UBR5 OS=Homo sapiens GN=UBR5 PE=1 SV=2 O95071

hMOB2_prey_07 1 O95071 E3 ubiquitin-protein ligase UBR5 OS=Homo sapiens GN=UBR5 PE=1 SV=2 O95071

hMOB2_prey_11 1 O95071 E3 ubiquitin-protein ligase UBR5 OS=Homo sapiens GN=UBR5 PE=1 SV=2 O95071

hMOB2_prey_18 1 O95071 E3 ubiquitin-protein ligase UBR5 OS=Homo sapiens GN=UBR5 PE=1 SV=2 O95071

hMOB2_prey_41 2 Q92878 Isoform 2 of DNA repair protein RAD50 OS=Homo sapiens GN=RAD50 Q92878

hMOB2_prey_35 2 Q92878 Isoform 3 of DNA repair protein RAD50 OS=Homo sapiens GN=RAD50 Q92878

hMOB2_prey_42 2 Q92878 Isoform 3 of DNA repair protein RAD50 OS=Homo sapiens GN=RAD50 Q92878

hMOB2_prey_49 2 Q92878 Isoform 3 of DNA repair protein RAD50 OS=Homo sapiens GN=RAD50 Q92878

hMOB2_prey_55 2 F5H4R7 Uncharacterized protein OS=Homo sapiens GN=KPNB1 PE=4 SV=1 F5H4R7

hMOB2_prey_57 2 F5H4R7 Uncharacterized protein OS=Homo sapiens GN=KPNB1 PE=4 SV=1 F5H4R7

hMOB2_prey_01 1 E7ET84 Uncharacterized protein OS=Homo sapiens GN=UBR5 PE=4 SV=1 E7ET84

hMOB2_prey_08 1 E7ET84 Uncharacterized protein OS=Homo sapiens GN=UBR5 PE=4 SV=1 E7ET84

hMOB2_prey_15 1 E7ET84 Uncharacterized protein OS=Homo sapiens GN=UBR5 PE=4 SV=1 E7ET84

- C hMOB2_prey_46 2 P17028 Zinc finger protein 24 OS=Homo sapiens GN=ZNF24 PE=1 SV=4 P17028

- C hMOB2_prey_43 3 P42330 Aldo-keto reductase family 1 member C3 OS=Homo sapiens GN=AKR1C3 PE=1 SV=4 P42330

- C hMOB2_prey_38 3 Q8N9D7 cDNA FLJ37680 fis, clone BRHIP2012923, highly similar to FOCAL ADHESION KINASE 1 (EC 2.7.1.112) OS=Homo sapiens PE=2 SV=1 Q8N9D7

- C hMOB2_prey_14 1 B4E164 cDNA FLJ56613, highly similar to Serine/threonine-protein kinase TBK1 (EC 2.7.11.1) OS=Homo sapiens PE=2 SV=1 B4E164

- C hMOB2_prey_12 1 Q59FH0 H2A histone family, member Y isoform 2 variant (Fragment) OS=Homo sapiens PE=2 SV=1 Q59FH0

- C hMOB2_prey_36 3 P98164 Low-density lipoprotein receptor-related protein 2 OS=Homo sapiens GN=LRP2 PE=1 SV=3 P98164

- C hMOB2_prey_39 2 P15088 Mast cell carboxypeptidase A OS=Homo sapiens GN=CPA3 PE=1 SV=2 P15088

- C hMOB2_prey_28 1 Q5VUU6 Myeloid cell nuclear differentiation antigen OS=Homo sapiens GN=MNDA PE=2 SV=1 Q5VUU6

- C hMOB2_prey_29 2 P13056 Nuclear receptor subfamily 2 group C member 1 OS=Homo sapiens GN=NR2C1 PE=1 SV=2 P13056

- C hMOB2_prey_34 2 Q9NRE3 OVN6-2 (Fragment) OS=Homo sapiens PE=2 SV=1 Q9NRE3

- C hMOB2_prey_03 2 P54277 PMS1 protein homolog 1 OS=Homo sapiens GN=PMS1 PE=1 SV=1 P54277

- C hMOB2_prey_50 1 O94988 Protein FAM13A OS=Homo sapiens GN=FAM13A PE=1 SV=2 O94988

- C hMOB2_prey_19 1 O00372 Putative p150 OS=Homo sapiens PE=4 SV=1 O00372

- C hMOB2_prey_44 2 O43533 RIG-like 5-6 OS=Homo sapiens PE=4 SV=1 O43533

- C hMOB2_prey_47 2 Q9NSD5 Sodium- and chloride-dependent GABA transporter 2 OS=Homo sapiens GN=SLC6A13 PE=1 SV=3 Q9NSD5

- C hMOB2_prey_21 3 Q8NC60 Uncharacterized protein C4orf14 OS=Homo sapiens GN=C4orf14 PE=1 SV=2 Q8NC60

- C hMOB2_prey_37 1 A4D263 Uncharacterized protein C7orf72 OS=Homo sapiens GN=C7orf72 PE=4 SV=2 A4D263

N hMOB2_prey_33 2 Q8I5G7 Conserved Plasmodium protein OS=Plasmodium falciparum (isolate 3D7) GN=PFL1205c PE=4 SV=2

N hMOB2_prey_13 1 Q6GYP7 Isoform 1S of Ral GTPase-activating protein subunit alpha-1 OS=Mus musculus GN=Ralgapa1

hMOB2_prey_16 3 Q711G1 Glucose-6-phosphate isomerase OS=Agaricus bisporus GN=gpi1 PE=3 SV=1

hMOB2_prey_32 1 Q711G1 Glucose-6-phosphate isomerase OS=Agaricus bisporus GN=gpi1 PE=3 SV=1

N hMOB2_prey_56 3 Q95EC9 Maturase K OS=Mammillaria haageana GN=matK PE=3 SV=1

N hMOB2_prey_45 1 Q9XZH7 Micronemal protein 4 OS=Toxoplasma gondii GN=MIC4 PE=1 SV=1

N hMOB2_prey_04 1 C5XDQ6 Putative uncharacterized protein Sb02g025860 OS=Sorghum bicolor GN=Sb02g025860 PE=4 SV=1

Class A Interactors: Interactors which have been rescued more than three times. They represent highly likely interactors of your bait.

Class B Interactors: Interactors which have been identified two times. They represent highly likely interactors of your bait.

Class C Interactors: Interactors which found only once in the screen (“singletons”). Although some of those may indeed represent true interactors of your protein of interest, others represent common false positives.

Class F are considered false positives, based on comparison with our in-house false positives database

Class N are considered to be non-relevant alignments (Expectation E score above 0.01)

Frame 2 is in frame with the Gal4 activation domain

1 B

A2

N

A3

B

A

4

5
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Chapter 3 hMOB2 prevents the accumulation of 

spontaneous DNA damage in untransformed 

human cells  

The entire work presented in this chapter has been reprinted from Cellular 

Signalling, 27/2, Gomez, V., Gundogdu, R., Gomez, M., Hoa, L., Panchal, 

N., O’Driscoll, M. and Hergovich, A., Regulation of DNA damage responses 

and cell cycle progression by hMOB2, 326–339., Copyright (2015), with 

permission from Elsevier (for details please see below). 
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3.1 Introduction 

MOB1-deficient mice develop a wide range of tumours (Nishio et al., 2012, 

Nishio et al., 2016) as reported for loss of LATS kinases (Harvey et al., 

2013), suggesting that hMOB1 plays essential roles in various biological 

functions independent of the LATS signalling. Perhaps this involves the 

interaction of hMOB1 with the NDR kinases since hMOB1 can interact with 

NDR via a domain conserved between the LATS and NDR kinases 

(Hergovich et al., 2006c, Hergovich, 2013).  

In contrast, although hMOB2 binds to this same conserved domain of 

NDR kinases, hMOB2 can only associate with NDR, but not with the LATS 

kinases (Bothos et al., 2005, Hergovich et al., 2006c, Kohler et al., 2010). 

Biochemical experiments suggest that the co-activator hMOB1 competes 

with the inhibitor hMOB2 for NDR binding; hence hMOB2 binding blocks the 

NDR activity (Kohler et al., 2010). Nonetheless, despite these opposing 

forces of hMOB1 and hMOB2, hMOB1 is already defined as cell cycle 

regulator (Hergovich, 2011), while any biological function of hMOB2 remains 

to be uncovered. Furthermore, hMOB3 neither interacts with NDR nor LATS 

(Kohler et al., 2010), but rather associates with the pro-apoptotic MST1 

kinase, thereby negatively regulating apoptotic signalling in glioblastoma 

multiforme (Tang et al., 2014). Therefore, mammalian hMOB1 and hMOB3 

have been attributed tumour suppressive or oncogenic roles, respectively. 

Albeit the human MOB2 gene appears to show LOH in more than 50% of 

testicular, ovarian, cervical, and bladder carcinomas (The Cancer Genome 

Atlas, TCGA, please see also Table 6.1, page 235) (Cerami et al., 2012), any 

defined physiological cancer-related functions of mammalian MOB2 have yet 

to be described. So far, it has only been reported that MOB2 can contribute 

to morphological changes in murine neurites and rat astrocytes (Fang et al., 

2012, Lin et al., 2011), hence the definition of the functions of hMOB2 are yet 

to be defined. Significantly, a genome-wide screen for novel DDR players 

proposed hMOB2 as one of the many potential candidates, suggesting that 

hMOB2-deficient cells may have compromised activation of the IR-induced 

G2/M cell cycle checkpoint (Cotta-Ramusino et al., 2011).  
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The DDR signalling activates cell cycle checkpoints to halt cell cycle 

progression and triggers DNA repair mechanisms in response to 

endogenous or exogenous DNA damage, and the p53 tumour suppressor 

protein is mainly responsible for the activation of checkpoints (Wahl et al., 

1997, Deckbar et al., 2011, Bartek and Lukas, 2007). Following recognition 

of DNA damage, p53 is extensively modified by its upstream regulators 

including ATM, ATR, DNA-PK, CHK1, and CHK2 through phosphorylations 

and other post-translational modifications. p53 indirectly suppresses CDK 

activity to arrest cell cycle progression via transcriptional induction of p21,  

(Kruse and Gu, 2009). To optimise physiological responses against cellular 

stresses, p53 can activate or repress the transcription of genes involved in 

cell cycle, DNA repair, apoptosis, metabolism, and others (Vousden and 

Prives, 2009, Menendez et al., 2009).     
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3.2 Research aims 

hMOB2 binding blocks NDR kinase activity (Kohler et al., 2010) and NDR 

kinases can regulate diverse significant biological settings, such as the cell 

cycle progression mediated by the p21/Cip1 protein (Cornils et al., 2011a, 

Cornils et al., 2011b). Importantly, Cotta-Ramusino et al. (2011) has recently 

proposed in their DDR screen that cells with hMOB2 deficiency may have 

impaired activation of the IR-induced G2/M cell cycle checkpoint. On the 

bases of these observations, our initial aim was to investigate whether:  

 hMOB2 overexpression blocks hMOB1/NDR-mediated cell cycle 

progression, 

 hMOB2 knockdown interferes with hMOB1/NDR-mediated cell cycle 

progression, 

 the p53-regulated G1/S checkpoint is also supported by hMOB2.   
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3.3 Results  

hMOB2 knockdown leads to a G1/S cell cycle arrest. The hTERT-RPE1 

(hTERT: human telomerase reverse transcriptase, RPE1: retinal pigment 

epithelium) cell line was primarily used in this chapter. The hTERT-RPE1 cell 

line (hereinafter referred to as RPE1 cells) is considered to be ideal for the 

investigation of the long-term biochemical characteristics of cell growth since 

it preserves the diploid status, normal growth characteristics (e.g. functional 

cell cycle checkpoints), and standard gene expression pattern as normal 

epithelial cells (Bodnar et al., 1998). Our laboratory engineered 

untransformed RPE1 cells either expressing a cDNA or an shRNA against a 

target mRNA under the regulator of tetracycline inducible promoter (Gomez-

Martinez et al., 2013). These Tet-inducible (hereinafter referred to as Tet-on) 

RPE1 cells allowed us to analyse cell cycle progression in consistent 

overexpression or knockdown conditions. To study cell cycle progression, we 

applied three independent approaches in a time-dependent manner. First, 

the protein levels of essential cell cycle markers were biochemically tested by 

immunoblotting experiments. Second, cell proliferation assays were 

conducted to monitor proliferation progression. Third, cell cycle profiles of 

individual cells were analysed by performing propidium-iodide based DNA 

content analysis using a flow cytometry.       

Considering that the NDR kinases can regulate the cell cycle 

progression through the p21/Cip1 protein (Cornils et al., 2011a, Cornils et al., 

2011b), we initially analysed cells with Tet-on inducible overexpression of 

hMOB2 to seek whether hMOB2 functions as an inhibitor of the NDR kinase 

(Kohler et al., 2010) in the context of its role in the cell cycle progression 

(Cornils et al., 2011a, Cornils et al., 2011b). Our results showed that hMOB2 

overexpression neither affected cell cycle markers nor cell proliferation 

(Figure 3.1). In contrast, Tet-on inducible knockdown of hMOB2 augmented 

the levels of the G1/S cell cycle markers cyclin D1 and E, whereas reducing 

the S/G2/M markers cyclin A and B1 (Figure 3.2A), suggesting that the cell 

cycle regulation was impaired upon hMOB2 silencing. These alterations in 

cyclin expression were accompanied by compromised cell proliferation upon 

hMOB2 depletion (Figure 3.2B). Analysis of the cell cycle status revealed 
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that hMOB2-knockdown cells showed a G1/S cell cycle arrest (Figure 3.2C). 

Taken together, our findings illustrated that hMOB2 knockdown induces a 

G1/S cell cycle arrest in untransformed human RPE1 cells.   

 

Figure 3.1 

hMOB2 overexpression neither affected cell cycle markers nor cell 

proliferation.                         

(A) RPE1 cells bearing inducible Tet-on myc-tagged hMOB2 gene (clone N1) were 

processed for immunoblotting after 3 or 4 days with (+) or without (-) tetracycline 

treatment (2 µg/ml) as indicated. Expression of hMOB2 was assessed with both 

anti-myc and anti-hMOB2 antibodies while cell cycle status was analysed using a 

panel of anti-cyclin D1, E, A and B1 antibodies. Blots represent three individual 

experiments. (B) Cell proliferation analysis of RPE1 Tet-on myc-hMOB2 cells. 

Proliferation rates of two independent clones (N1 and N2) are shown after 

tetracycline (2 µg/ml) (solid pattern lines) or control (dashed pattern lines) treatment 

(n=3). Results are presented as mean of replicates and error bars as mean ± 

standard error of mean (SEM), statistical significance was calculated using the two-

way ANOVA test. The experiment was performed by Dr Valenti Gomez. 
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Figure 3.2 

hMOB2 depletion causes a G1/S cell cycle arrest in RPE1 cells.             

(A) Immunoblotting with indicated antibodies of RPE1 Tet-on shMOB2 cell lysates 

after incubation of cells with (+Tet) or without (−Tet) tetracycline (2 µg/ml) as 

indicated. Blots represent three individual experiments. (B) Proliferation rates of 

three independent RPE1 Tet-on shMOB2 clones (n = 3; p-value = 1.2E-03). Results 

are presented as mean of replicates and error bars as mean ± standard error of 

mean (SEM), statistical significance was calculated using the two-way ANOVA test. 

(C) Cell cycle analyses of RPE1 Tet-on shMOB2 cells at indicated time points with 

(+Tet) or without (−Tet) of tetracycline (2 µg/ml). Percentages of cells in each cell 

cycle phase are presented (n = 3). The experiment was performed by Dr Valenti 

Gomez.  

Next, the dynamics of cell cycle transition in normal and hMOB2-

depleted cells were compared by performing a time-course DNA content 

analysis using flow cytometry. Importantly, the stable Tet-on system allowed 

us to reduce hMOB2 levels in serum-starved cells, before addition of serum 

to synchronously release cells from G0/G1 into S-phase. Notably, this 

approach revealed that synchronised hMOB2-knockdown cells displayed a 

markedly delayed G1/S cell cycle transition (Figure 3.3A-B), which was 

supported by an immunoblotting analysis with indicated cell cycle markers 

that shows a delayed accumulation of cyclin A and B1 in synchronised 

cultures of hMOB2-depleted cells (Figure 3.3C). Taken together, these 
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results (Figures 3.1, 3.2, and 3.3) indicate that endogenous hMOB2 is 

required for normal cell cycle progression of untransformed human cells. 

 

Figure 3.3 

hMOB2-depleted cells displayed a markedly delayed G1/S cell cycle transition. 

(A) RPE1 Tet-on shMOB2 cells with (+Tet) or without (−Tet) tetracycline (2 µg/ml) 

were serum starved for 72 h, washed twice, released in medium containing 20% 

FCS, and processed for cell cycle analysis at indicated time points. (B) Histograms 

showing the percentage of synchronised cells in each cell cycle phase (n=3). 

Results are presented as mean of replicates and error bars as mean ± standard 

error of mean (SEM), statistical significance was calculated using the one-tailed 

unpaired Student's t-test. (C) Immunoblotting with indicated antibodies of cell lysates 

obtained from synchronised cell cultures described in A. The experiment was 

performed by Dr Valenti Gomez with my intellectual contribution. Blots represent 

three individual experiments.  

hMOB2 depletion activates the p53/p21 cascade and causes 

transcriptional activation of p53 target genes. To define the underlying 

molecular basis of the G1/S cell cycle arrest upon hMOB2 depletion, we 

expanded our analysis by studying a panel of cell cycle regulators using 

immunoblotting. Significantly, we observed activation of the p53-pRb axis 

(Kastan and Bartek, 2004) through p53 stabilisation and decreased pRb 
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phosphorylation (Mittnacht, 1998) following Tet-on hMOB2 knockdown in 

RPE1 cells (Figure 3.4A). Furthermore, p21/Cip1 and MDM2, two 

established p53 target genes (Kruse and Gu, 2009), were elevated at the 

protein level (Figure 3.4A). These changes may help us to explain the 

underlying molecular mechanism of the G1/S cell cycle arrest in hMOB2-

knockdown cells.   

Further, a collection of p53 target genes was analysed to examine 

whether the observed p53 upregulation in hMOB2-depleted cells (Figure 

3.4A) represented an activation of a p53-dependent transcriptional 

programme. For this aim, we designed a time-course experiment using 

previously defined Tet-on shMOB2 RPE1 cells to analyse a panel of p53 

target genes by quantitative real-time PCR. We first confirmed approximately 

50% decrease in the mRNA levels of hMOB2 induced by Tet-on-mediated 

shMOB2 induction (see Figure S3.1 in the Supplementary section, page 

156). Importantly, there was no difference observed in p53 mRNA levels (see 

Figure S3.1 in the Supplementary section, page 156), suggesting that 

hMOB2 depletion induced only post-transcriptional activation and/or 

stabilisation of p53. However, consistent with the immunoblotting results 

(Figure 3.4A), we detected a statistically significant upregulation of p21 and 

MDM2 mRNA levels (Figure 3.4B), signifying that increased p21 protein 

levels are through transcriptional upregulation of p21 mRNA expression upon 

hMOB2 silencing. In addition, other established p53 target genes (Menendez 

et al., 2009) were upregulated upon hMOB2 knockdown. More specifically, 

elevated GADD45A (growth arrest and DNA damage-inducible 45 alpha), 

BAX (Bcl-2-associated X) and PUMA (p53 upregulated modulator of 

apoptosis), and TIGAR (TP53-inducible glycolysis and apoptosis regulator) 

mRNA expressions were also detected (Figure 3.4B), suggesting that DNA 

repair, apoptosis and metabolism mechanisms could be transcriptionally 

regulated by stabilised p53 upon hMOB2 depletion. Expression of other p53 

target genes including pro-apoptotic NOXA protein (aka PMAIP1: phorbol-12-

myristate-13-acetate-induced protein 1), and metabolic SCO2 (cytochrome 

oxidase deficient homolog 2) and SESN2 (sestrin 2) proteins was also 

significantly altered (see Figure S3.1 in the Supplementary section, page 
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158). Collectively, these findings indicate that transcriptionally active p53 is 

stabilised upon hMOB2 silencing.  

 

Figure 3.4 

hMOB2 knockdown activates p53/p21 cascade and causes transcriptional 

activation of p53.                               

(A) Immunoblotting with indicated antibodies of RPE1 Tet-on shMOB2 cell lysates 

from cells incubated with (+Tet) or without (−Tet) tetracycline (2 µg/ml) as indicated. 

The experiment was performed by Dr Valenti Gomez with my intellectual 

contribution. Blots represent three individual experiments. (B) Quantitative real-time 

PCR analysis of indicated p53 target genes in RPE1 Tet-on shMOB2 cells at 

indicated time points in the presence (black bars) or absence (gray bars) of 

tetracycline (2 µg/ml) (n=3). p-values are: p21, 72 h=5.5E−03, 96 h=5.2E−05; 

MDM2, 72 h=1.3E−03, 96 h=0.018; PUMA, 48 h=0.033, 72 h=1.7E−03, 96 

h=4.4E−03; GADD45, 96 h=0.026; BAX, 72 h=0.047; TIGAR, 72 h=0.025. Results 

are presented as mean of replicates and error bars as mean ± standard error of 

mean (SEM), statistical significance was calculated using the one-tailed unpaired 

Student's t-test.  

Next, three different untransformed human cell lines (RPE1, human 

BJ fibroblast and human MCF10A mammary epithelial cells) were employed 

to confirm increased p53 levels upon hMOB2 knockdown. In contrast to the 

previous experimental setting (Tet-on inducible expression of shMOB2#5), 
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cells were transiently transfected with three independent siRNAs (siMOB2#4, 

#5, #6; please see section 2.1.7, page 91) directed against hMOB2. As a 

result, these experiments approved consistently elevated p53 levels upon 

hMOB2 reduction (see Figure S3.2 in the Supplementary section, page 159). 

Moreover, to ensure that p53 activation was due to loss of hMOB2, we 

conducted a phenotype RNAi rescue experiment. To do so, RPE1 cells 

stably expressing wild-type HA-hMOB2 were generated. Subsequently, an 

siRNA targeting the 3’ UTR region of the hMOB2 gene (siMOB2#6) allowed 

us to knockdown only endogenous hMOB2 in RPE1 cells with stable 

expression of exogenous HA-hMOB2 being unaffected. This approach 

confirmed that expression of hMOB2 interfered with p53 induction upon 

hMOB2 depletion (Figure 3.5A), hence rescuing the phenotype caused by 

RNAi-mediated silencing of hMOB2. Consequently, these approaches 

highlight that the stabilisation of active p53 upon hMOB2 depletion is very 

unlikely a consequence of RNAi off-target effects. 

 

The G1/S cell cycle arrest upon hMOB2 depletion is p53/p21-dependent. 

To investigate whether hMOB2 silencing indeed induced a transient p53/p21-

dependent G1/S cell cycle arrest, we co-depleted hMOB2 together with 

either p53 or p21 in Tet-on shMOB2 RPE1 cells. More specifically, given that 

p53 can indirectly block CDK activity to arrest cell cycle progression via 

upregulation of p21,  (Kruse and Gu, 2009), we sought whether the G1/S cell 

cycle arrest observed upon hMOB2 depletion was mediated by p53 through 

p21.  

An shRNA targeting the p53 mRNA (shp53#2, see section 2.1.6, page 

90) or an siRNA against the p21 mRNA (sip21#2, see section 2.1.7, page 91) 

were used for genetic ablation of the indicated genes. For the co-depletion of 

hMOB2 and p53 protein, RPE1 cells expressing Tet-on shMOB2 were stably 

infected with shp53, whereas the Tet-on shMOB2 RPE1 cells were 

transiently transfected with sip21. Following the confirmation of successful 

co-depletions, we studied cell cycle regulators and cell cycle progression.        

Our results revealed that hMOB2 silencing triggers a transient p53-

dependent arrest since co-depletion of hMOB2 together with p53 restored 
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normal cell proliferation, abolishing the G1/S cell cycle arrest (Figure 3.5B-

D). Likewise, co-depletion of hMOB2 and p21 resulted in a similar restoration 

of cell cycle progression despite increased p53 levels (Figure 3.6A-C). 

Therefore, p53-mediated upregulation of p21 likely underlies the G1/S cell 

cycle arrest observed upon hMOB2 reduction under normal growth 

conditions.  

 

Figure 3.5 

The G1/S cell cycle arrest upon hMOB2 depletion is p53-dependent.              

(A) Immunoblotting of RPE1 cell lysates from cells stably expressing empty vector 

(pLXSN) or siRNA-resistant hMOB2 (pLXSN-HA-hMOB2) transfected with indicated 

siRNAs (CTL, control; #6, siRNA targeting the 3 ′ UTR of hMOB2). (B) 

Immunoblotting of RPE1 Tet-on shMOB2 cell lysates from cells infected with 

indicated plasmids. Cell pools were analysed after 4 days with (+Tet) or without 

(−Tet) tetracycline (2 µg/ml). Each blot represents three individual experiments. (C) 

Cell proliferation rates of cell pools described in B were analysed in the presence 

(+Tet) or absence (−Tet) of tetracycline (2 µg/ml) (n=3). Results are presented as 

mean of replicates and error bars as mean ± standard error of mean (SEM), 

statistical significance was calculated using the one-tailed unpaired Student's t-test. 

(D) Cell cycle analyses of cell pools after 4 days in the presence (+Tet) or absence 
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(−Tet) of tetracycline (2 µg/ml). Percentages of cells in each cell cycle phase are 

shown (n= 3). The experiment was performed by Dr Valenti Gomez with my 

intellectual contribution. 

 

Figure 3.6 

The G1/S cell cycle arrest induced by hMOB2 knockdown is through p21 

activation.                                 

(A) Immunoblotting of RPE1 Tet-on shMOB2 cell lysates from cells transfected with 

indicated siRNAs. Cell pools were analysed after 4 days with (+Tet) or without 

(−Tet) tetracycline (2 µg/ml) (n=3). (B) Cell proliferation rates of cell pools described 

in B were analysed in the presence (+Tet, 2 µg/ml) or absence (−Tet) of tetracycline. 

Blots represent three individual experiments. Results are presented as mean of 

replicates and error bars as mean ± standard error of mean (SEM), statistical 

significance was calculated using the one-tailed unpaired Student's t-test. (C) Cell 

cycle analyses of cell pools after 4 days in the presence (+Tet, 2 µg/ml) or absence 

(−Tet) of tetracycline. Percentages of cells in each cell cycle phase are shown (n= 

3). The experiment was performed by Neelam Panchal and Dr Valenti Gomez with 

my intellectual contribution. 

hMOB2 supports a G1/S cell cycle arrest upon exogenously induced 

DNA damage. Cotta-Ramusino et al. (2011) showed in their DDR screen 

that hMOB2-knockdown cells may have impaired activation of the IR-induced 

G2/M cell cycle checkpoint. We, therefore, asked whether other DDR cell 

cycle checkpoints are also supported by hMOB2. To address the p53-
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regulated G1/S checkpoint we chose to employ a previously reported 

approach using untransformed human MCF10A cell line (Colaluca et al., 

2008), which is a commonly used in vitro model for human mammary 

epithelial cells (Qu et al., 2015). By stable transfection of shMOB2 or/and 

shp53 constructs, MCF10A cells were chronically depleted of hMOB2, p53 or 

both together (Figure 3.7A). To induce exogenous DNA damage, we 

employed the topoisomerase II inhibitor doxorubicin, which is a widely used 

anticancer agent in the clinic (Nitiss, 2009). By intercalation and inhibition of 

topoisomerase II enzyme, doxorubicin induces a variety of DNA damage 

(e.g. DSBs) thereby triggering cell cycle checkpoint activation, consequently 

inducing cell death in case the DNA lesions cannot be repaired (Nitiss, 

2009). DDR-mediated cell cycle perturbations were assessed at selected 

time points after treatment and washout of indicated doxorubicin doses 

(Figure 3.7B-C). As expected (Kastan and Bartek, 2004), control cells 

arrested predominantly at the G1/S and G2/M cell cycle phases, while p53-

knockdown cells arrested mostly at the G2/M checkpoint compared to control 

cells. hMOB2-depleted cells initially blocked at G1/S similar to controls. Upon 

washout of 100 nM doxorubicin, controls and hMOB2-depleted cells rapidly 

resumed cell cycle progression. However, upon washout of 500 nM 

doxorubicin, hMOB2-depleted cells quickly resumed G1/S cell cycle 

progression in contrast to controls (Figure 3.7C, bottom panel), indicating a 

defective DNA damage tolerance of G1/S checkpoint in hMOB2-depleted 

cells upon exposure to high DNA damage levels. Collectively, these findings 

together with the data by Cotta-Ramusino et al. (2011) suggest that upon 

exogenously induced DNA damage hMOB2 functions in promoting cell cycle 

checkpoint activation in response to DNA damage, a significant hallmark of 

the DDR signalling. 
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Figure 3.7 

hMOB2 promotes G1/S cell cycle arrest in response to exogenously induced 

DNA damage.                                

(A) Immunoblotting with indicated antibodies of MCF10A cell lysates from 

pSuper.retro.puro infected cells expressing indicated shRNAs. (B) Cell cycle 

analysis of MCF10A cell pools treated with indicated doxorubicin doses, before 

releasing in drug-free medium for indicated time points. Representative time 

courses are shown. (C) Histograms showing percentages of MCF10A cells in the 

G1 cell cycle phase (n=3). Control (shLuc), hMOB2-depleted (shMOB2), p53-

depleted (shp53), and hMOB2/p53 co-depleted (shp53/MOB2) cells were 

compared. p-values are: 8 h= 0.397 (ns, not significant), 24 h = 0.027, and 48 h= 

0.011. Results are presented as mean of replicates and error bars as mean ± 

standard error of mean (SEM), statistical significance was calculated using the one-

tailed unpaired Student's t-test. The stable cell line clones were generated by me 

and the experiment was performed by me and Dr Valenti Gomez. 

The G1/S cell cycle arrest upon hMOB2 reduction is not caused by 

altered NDR kinase signalling. It is well established that p53 

stabilisation/activation can be triggered by a variety of distinct mechanisms  

(Kruse and Gu, 2009). Considering that NDR is the only reported binding 

partner of hMOB2 (Hergovich, 2011), we interrogated the NDR signalling as 

a possible mechanism underlying the p53/p21-dependent cell cycle arrest in 
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response to hMOB2 silencing. More specifically, we speculated that hMOB2 

depletion might cause hypo- or hyperactivation of the NDR signalling which 

potentially could help us to understand how hMOB2 depletion triggers a p53-

dependent G1/S cell cycle arrest. To study the importance of NDR signalling 

in our settings, we pursued three different avenues and analysed cell cycle 

markers, cell proliferation and cell cycle dynamics in each strategy as 

conducted earlier. First, we employed RPE1 cells with Tet-on inducible 

overexpression of constitutively hyperactive NDR1-PIF generated by our 

laboratory (Cook et al., 2014) to mimic possible hyperactivation of NDR upon 

hMOB2 depletion. However, unexpectedly, overexpression of hyperactive 

NDR1 did not negatively affect cell proliferation (Figure 3.8A-C).    

Next, RPE1 cells with Tet-on inducible expression of shRNA targeting 

NDR1 (shNDR1#4) were produced by our laboratory and used to mimic 

possible hypo-activation of NDR1 signalling in our settings. Also, RPE1 cells 

were transiently transfected with an siRNA against NDR2 (siNDR2#5) to 

phenocopy possible hypo-activation of the NDR2 signalling in our settings. 

However, neither NDR1 nor NDR2 depletions had any effect on cell 

proliferation (Figure 3.8D-I), overall suggesting that hMOB2 knockdown may 

impair cell cycle progression independently of NDR1/2 kinase signalling.  
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Figure 3.8 

The cell cycle effect of hMOB2 depletion is independent of NDR1/2 kinase 

signalling.                               
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(A) Immunoblotting of RPE1 Tet-on HA-NDR1-PIF cell lysates from cells incubated 

with (+Tet, 2 µg/ml) or without (−Tet) tetracycline for indicated times. (B) 

Proliferation rates of RPE1 Tet-on HA-NDR1-PIF cells (n=3). (C) Cell cycle analyses 

of RPE1 Tet-on HA-NDR1-PIF cells after 96 h in the presence (+Tet, (2 µg/ml) or 

absence (−Tet) of tetracycline (n=3). (D) Immunoblotting of RPE1 Tet-on shNDR1#4 

cell lysates as described in A (E) Proliferation rates of RPE1 Tet-on shNDR1#4 cells 

(n=3). (F) Cell cycle analyses of RPE1 Tet-on shNDR1#4 cells after 96 h in the 

presence (+Tet, 2 µg/ml) or absence (−Tet) of tetracycline (n=3). (G) 

Immunoblotting of RPE1 cell lysates from cells transfected with indicated siRNAs 

(CTL, control; #5, siNDR2). An asterisk (*) in NDR2 blot marks an unspecific band. 

(H) Proliferation rates of indicated cell lines (n=3). (I) Cell cycle analyses of RPE1 

cells 96 h after indicated siRNA transfections (n= 3). All results are presented as 

mean of replicates and error bars as mean ± standard error of mean (SEM), 

statistical significance was calculated using the one-tailed unpaired Student's t-test. 

Each blot represents three individual experiments. 

hMOB2 depletion triggers a DNA damage-ATM-CHK2-p53-p21 cascade. 

Following our observation that the G1/S cell cycle arrest induced by hMOB2 

silencing was p53/p21-dependent (Figures 3.5 and 3.6), we further 

investigated the potential mechanism of p53 stabilisation/activation upon 

hMOB2 knockdown. Importantly, sustained p53 stabilisation results in a 

permanent proliferation arrest through senescence, while pulses of stabilised 

p53 yield a transient arrest (Purvis et al., 2012). Using increased cell size as 

an established senescence marker for RPE1 cells (Kim et al., 2007), we 

found that hMOB2 depletion does not result in senescence (see Figure S3.3 

in the Supplementary section, page 158). Our data rather suggest that 

hMOB2 knockdown triggers a transient p53/p21-dependent G1/S cell cycle 

arrest since co-depletion of hMOB2 together with p53 or p21 abolished the 

arrest (Figures 3.5 and 3.6). Since a misbalance between DNA damage and 

repair results in higher p53 levels through pulses (Loewer et al., 2010) which 

can cause a transient p53-dependent cell cycle arrest (Purvis et al., 2012), 

we speculated that compromised DNA damage sensing/repair was causing 

the p53-mediated arrest in hMOB2-depleted cells. Considering further that 

the p53/p21 pathway is a master regulator of the G1/S cell cycle transition in 

the DDR (Kruse and Gu, 2009, Vogelstein et al., 2000, El-Deiry et al., 1993, 

el-Deiry et al., 1994, Harris and Levine, 2005, Kastan and Bartek, 2004, 

Speidel, 2015), we were prompted to examine p53 in the context of DDR 

signalling in hMOB2-depleted cells under normal growth conditions. We 
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hypothesised that a DDR defect due to hMOB2 knockdown could explain 

why hMOB2-depleted cells displayed a p53-dependent G1/S cell cycle 

arrest. Possibly hMOB2-depleted cells accumulate unrepaired DNA damage, 

which can trigger p53 activation.  

Therefore, we studied how p53 signalling is triggered in hMOB2-

depleted cells (Figure 3.9). Since increased p53 protein levels did not 

correlate with elevated levels of p53 mRNA (Figure 3.4A and see Figure S3.1 

in the Supplementary section, page 158), we examined p53 phosphorylation 

as possible stabilisation mechanism (Kruse and Gu, 2009). By conducting 

immunoblotting experiments, we biochemically analysed the phosphorylation 

status of p53 along with other significant DDR regulators. For this aim, a 

time-course experiment was designed with Tet-on shMOB2 RPE1 cells. 

Interestingly, we found that Ser15 phosphorylation of p53 was increased 

upon hMOB2 depletion in RPE1 cells (Figure 3.9A). In parallel, we examined 

ATM/ATR kinases, which phosphorylate Ser15 upon genotoxic stress (Wahl 

and Carr, 2001), in our experimental settings. ATM activity judged by CHK2 

phosphorylation was elevated, while ATR activation monitored by CHK1 

phosphorylation decreased upon hMOB2 depletion (Figure 3.9B). Moreover, 

aside from testing DDR activation in Tet-on RPE1 cell system, we conducted 

an experiment where we confirmed phosphorylation-dependent p53 

stabilisation in different cells with an independent siRNA. Specifically, we 

showed that untransformed human MCF10A and BJ cells transiently 

transfected with an siRNA targeting hMOB2 (siMOB2#4) also displayed 

activated DDR signalling as judged by elevated CHK2 and p53 

phosphorylation (Figure 3.9C). Taken together, these findings suggest that 

DDR signalling is elevated in hMOB2-depleted cells, most likely triggered by 

the elevated levels of endogenous DNA damage.    
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Figure 3.9 

In normal growth conditions hMOB2 knockdown triggers ATM-CHK2-p53 

signalling.                       

(A, B) Immunoblotting of RPE1 Tet-on shMOB2 cell lysates from cells incubated 

with (+Tet, 2 µg/ml) or without (−Tet) tetracycline for indicated times. Controls were 

incubated with doxorubicin (+Dox). (C) Immunoblotting of RPE1, MCF10A, and BJ 

cell lysates from cells transiently transfected with indicated siRNAs. The 

experiments were performed by Dr Valenti Gomez with my intellectual contribution. 

Each blot represents more than one individual experiment. 

Next, to probe whether DDR signalling was increased as a 

consequence of elevated DNA damage levels, we performed 

immunofluorescence experiment (Figure 3.10A). In this regard, we examined 

DSB formation by co-labelling for the DNA repair mediators γH2AX and 

53BP1, two key players in the DDR mechanism (Kleiner et al., 2015). Our 

immunofluorescence study revealed that the number of cells with more than 

five DSBs per cell augmented three-fold upon hMOB2 knockdown in the 
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absence of exogenous DNA damage (Figure 3.10B). Next, we asked 

whether the observed spontaneous DSB accumulation was dependent on 

the cell cycle progression by performing a serum starvation experiment. 

Significantly, hMOB2 depletion in non-cycling (serum-starved) cells had no 

effect (Figure 3.10C-D). In line with this, we also checked whether the 

activation of DDR signalling upon hMOB2 silencing was proliferation-

dependent. This extended analysis showed that proliferating hMOB2-

depleted cells displayed activation of ATM-CHK2-p53-p21 signalling, 

whereas controls and serum-starved cells did not (Figure 3.10E). To 

complement these molecular and cell biological approaches, we next 

conducted alkaline Comet assays in Tet-on RPE1 cells to measure DNA 

breakage directly at the single-cell level. Our analysis revealed that upon 

hMOB2 depletion cells rapidly accumulate DNA breaks (Figure 3.10F-G). 

Collectively, these observations suggest that hMOB2 depletion causes 

spontaneous accumulation of unrepaired DSBs, thereby triggering DDR-

mediated p53 stabilisation, which consequently elevates p21 expression to 

arrest damaged cells in the G1/S cell cycle checkpoint.  
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Figure 3.10 

hMOB2 depletion triggers the DNA Damage Response due to the 

accumulation of DSBs.                    

(A) Immunodetection of 53BP1 (green) and γH2AX (red) in RPE1 Tet-on shMOB2 

cells grown in the presence (+Tet, 2 µg/ml) or absence (−Tet) of tetracycline for 96 

h. DNA is stained blue. (B) Histograms showing percentages of cells with DSBs in 

the presence of serum. Only cells displaying at least (≥) 5 double positive 

53BP1/γH2AX DSB foci per nuclei were counted as DSB positive (1000 cells per 

time point in control (grey) or hMOB2-depleted (black) cells (p-value = 0.006). (C) 

Immunodetection of 53BP1 (green) and γH2AX (red) in RPE1 Tet-on shMOB2 cells 

cultured in the presence (+Tet, 2 µg/ml) or absence (−Tet) of tetracycline without 

serum (0% FCS) for 96 h. (D) Histograms showing percentages of cells with DSBs 

in the absence of serum. Cells were scored as described in B. (E) Immunoblotting of 

RPE1 Tet-on shMOB2 cell lysates from cells serum-starved for 72 h with (+Tet, 2 

µg/ml) or without (−Tet) tetracycline, before addition of medium without (0% FBS) or 

with serum (10% FBS) for another 72 h. Blots represent three individual 

experiments. (F) Measurement of DNA breaks by alkaline Comet assays in RPE1 

Tet-on shMOB2 cells treated with (+Tet, 2 µg/ml) or without (−Tet) tetracycline for 

96 h. (G) Quantification of DNA damage by alkaline Comet assay in RPE1 Tet-on 
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shMOB2 cells at indicated time points (n= 3). p-values are: 48 h = 2.67E−03; 72 h = 

1.69E−05; 96 h = 2.23E−20. IR at 15Gy served as positive control. The experiments 

were performed by me and Dr Valenti Gomez. All results are presented as mean of 

replicates and error bars as mean ± standard error of mean (SEM), statistical 

significance was calculated using the one-tailed unpaired Student's t-test.   
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3.4 Discussion 

Our data presented in this chapter suggest that loss of hMOB2 induces the 

accumulation of unrepaired DSBs, which in turn triggers the DDR-mediated 

p53 stabilisation and consequently promotes p21 upregulation to ultimately 

arrest damaged cells at the G1/S cell cycle checkpoint.  

The serine/threonine CDKs and cyclins collaborate to constitute 

catalytically active heterodimer complex molecules during the cell cycle 

progression (Vermeulen et al., 2003, Sherr and Roberts, 1999). For example, 

CDK2, CDK4 and CDK6 are active in the G1 phase, CDK2 during the S 

phase, and CDK1 during the G2 and M phases. Phosphorylation events 

achieved by the CDK4/6-cyclin D complexes and the CDK2-cyclin E 

complexes are responsible for the transition from G1 to S (Kastan and 

Bartek, 2004). Our findings in Figure 3.2 show that hMOB2 reduction in 

untransformed human cells prompted a G1/S cell cycle arrest, whereas 

hMOB2 overexpression neither affected cell cycle markers nor cell 

proliferation (Figure 3.1). Considering that synchronised hMOB2-knockdown 

cells elicited a markedly delayed G1/S cell cycle transition (Figure 3.3), these 

findings indicate that endogenous hMOB2 is required for normal cell cycle 

progression.  

The p53 tumour suppressor protein is a key effector of the DDR 

kinase signalling (Harris and Levine, 2005). In response to cellular stress 

conditions, levels of the p53 protein increase dramatically to mediate a G1/S 

cell cycle arrest that is mainly through the transcriptional upregulation of p21 

(El-Deiry et al., 1993, el-Deiry et al., 1994, Kastan and Bartek, 2004, 

Vogelstein et al., 2000). Under these circumstances, the p53 stabilisation 

occurs via post-translational modifications, without any significant elevation 

of p53 mRNA levels (Kastan et al., 1991). The p53-mediated p21 

upregulation, in turn, inhibits CDK2-cyclin E complex and activates pRb 

signalling to block the cell cycle regulation at the G1/S phase following the 

recognition of intra- and extracellular stresses (Vogelstein et al., 2000, Kruse 

and Gu, 2009).  

Therefore, transcripts and protein levels of various cell cycle 

regulators were tested to understand how hMOB2-depleted cells arrested at 
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the G1/S cell cycle checkpoint. We observed that p53 protein levels (but not 

mRNA levels) were increased, while pRb phosphorylation was decreased in 

hMOB2-depleted RPE1 cells (Figure 3.4), indicating activation of the well-

established p53-p21-pRb tumour suppressor axis (Kastan and Bartek, 2004). 

Equally important, p21/Cip1 and MDM2, two recognised p53 targets (Kruse 

and Gu, 2009), were elevated on protein and mRNA levels (Figure 3.4A-B), 

suggesting that p53 was stabilised to trigger cell cycle inhibition upon hMOB2 

silencing.  

mRNA levels of other p53 target genes were also significantly altered 

upon hMOB2 reduction (Figure 3.4B and see Figure S3.1 in the 

Supplementary section, page 156), suggesting that transcriptionally active 

p53 was stabilised to trigger a specific expression programme upon hMOB2 

knockdown. Elevated GADD45A mRNA expression (Figure 3.4B) suggests 

that GADD45A-mediated DNA repair mechanism(s) (Hollander and Fornace, 

2002) could be activated upon hMOB2 depletion. Additionally, hMOB2 

deficient cells displayed significantly elevated mRNA levels of BAX and 

PUMA genes, two main pro-apoptotic regulators (Yu and Zhang, 2009, 

Czabotar et al., 2014) (Figure 3.4B). Interestingly, the mRNA levels of the 

pro-apoptotic regulator, NOXA (Oda et al., 2000), showed a significant 

decrease in response to hMOB2 knockdown (see Figure S3.1 in the 

Supplementary section, page 158). In this context, it is worth noting that the 

violent apoptotic effect of the upregulation of BAX and PUMA proteins could 

be compensated by the downregulation of NOXA, thereby preventing 

massive induction of apoptosis in hMOB2-depleted cells to allow DNA repair 

upon cell cycle checkpoint activation. This speculative model is supported by 

the observations that in hMOB2-deficient cells p21 mRNA and protein levels 

are increased (Figure 3.4) to trigger a transient p53-p21 dependent cell cycle 

arrest (Figure 3.2). Additionally, activation GADD45 mRNA expression could 

allow cells to arrest and repair their DNA damage instead of driving cells to 

death by apoptosis as reported in other settings (Shibue et al., 2006, Ploner 

et al., 2008). Furthermore, our experiments suggest that in hMOB2-depleted 

cells the metabolic pathways seem to be adapted to stress conditions by p53 

upregulation, since mRNA expression levels of TIGAR (a glycolysis 
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regulator) (Green and Chipuk, 2006) and SCO2 (an OXPHOS regulator) 

(Matoba et al., 2006) were dramatically elevated (Figure 3.4). Collectively, 

these changes in the p53-driven transcriptional programmes strongly suggest 

that p53 is stabilised and becomes transcriptionally active, which is essential 

for the adaptation of diverse physiological settings to stress conditions 

triggered upon hMOB2 knockdown.  

This notion was further supported by demonstrating that p53-mediated 

p21 upregulation, as cyclin/CDK inhibitor (Kastan and Bartek, 2004), was 

directly responsible for the observed G1/S cell cycle arrest (Figures 3.5 and 

3.6). Moreover, we showed that expression of siRNA-resistant hMOB2 

interfered with p53 induction upon hMOB2 depletion (Figure 3.5A). Also, 

transfection of three different untransformed human cell lines with three 

independent siRNAs targeting hMOB2 fully confirmed that transient hMOB2 

depletion consistently elevated p53 and p21 levels (see Figure S3.2 in the 

Supplementary section, page 159).  

hMOB2 is further required to support activation of the G1/S and G2/M 

cell cycle checkpoints in RPE1 cells treated with high levels of exogenously 

induced DNA damage. We report here a defective G1/S checkpoint in 

hMOB2-depleted cells upon exposure to high DNA damage levels (Figure 

3.7), and Cotta-Ramusino et al. (2011) showed that hMOB2-depleted cells 

may have a compromised activation of the IR-mediated G2/M cell cycle 

checkpoint (Cotta-Ramusino et al., 2011). 

Based on the reported link between hMOB2 and NDR1/2 kinases 

(Kohler et al., 2010), we asked whether the p53/p21-dependent cell cycle 

arrest upon hMOB2 depletion was through the NDR1/2 kinase signalling. Our 

data demonstrated that overexpression of constitutively hyperactive NDR 

(Cook et al., 2014) or NDR (NDR1 or NDR2) depletion had no effect on cell 

proliferation (Figure 3.8), suggesting that the NDR signalling is unlikely to 

play a role in these settings. However, further investigations are required to 

completely validate that the NDR1/2 signalling is not linked to cell cycle 

process through hMOB2, since various studies have recently suggested 

possible compensatory mechanisms that may arise upon selective NDR1 or 

NDR2 manipulations (Schmitz-Rohmer et al., 2015).   
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Furthermore, considering that the p53/p21-dependent G1/S cell cycle 

arrest is a hallmark of the DDR (Kruse and Gu, 2009), we examined p53 in 

the context of DDR signalling in hMOB2-knockdown cells under normal 

growth conditions. Our biochemical experiments conducted in three different 

untransformed cell line displayed that upon hMOB2 reduction ATM-CHK2-

p53 cascade became post-translationally activated (through phosphorylation) 

(Figure 3.9), revealing a possible stabilisation mechanism of p53 via elevated 

ATM activity (Kruse and Gu, 2009). Furthermore, we revealed that the 

number of cells with more than five DSBs per cell increased three-fold upon 

hMOB2 silencing by co-labelling for the DNA repair mediators γH2AX and 

53BP1 (Figure 3.10A-B), which was proliferation dependent since hMOB2 

depletion in non-cycling cells had no effect (Figure 3.10C-D). In line with this, 

proliferating hMOB2-knockdown cells displayed activation of ATM-CHK2-

p53-p21 signalling, while controls and serum-starved cells did not (Figure 

3.10E). Consequently, our findings further support the notion of the activation 

of a DNA damage-DDR-p53-p21 cascade by hMOB2 depletion. Moreover, 

our single cell Comet analysis also showed that cells rapidly accumulate 

endogenous DNA breaks upon hMOB2 depletion (Figure 3.10F-G). 

Significantly, we further found that in hMOB2-depleted cells, general DNA 

breakage was elevated before DSBs were detectable by 

immunofluorescence (compare Figures 3.10B and 3.10G). Since 

γH2AX/53BP1 accumulate at DSBs only after DDR activation (Polo and 

Jackson, 2011), these results suggest that DNA lesions precede DDR 

activation in hMOB2-knockdown cells.  

To sum up, under normal growth conditions, proliferating hMOB2-

depleted cells accumulate unrepaired DSBs, which activate the DDR 

signalling and trigger the p53/p21-dependent G1/S cell cycle arrest. Based 

on the data presented in this section and reported in Cotta-Ramusino et al. 

(2011), one can speculate that impaired detection/repair of endogenous DNA 

damage (as normally induced by cellular mechanisms (Lindahl and Barnes, 

2000)) may be the initial trigger of the DDR activation in hMOB2-depleted 

cells. Therefore, we were interested in deciphering how hMOB2 may play a 

role as a DDR protein on a molecular level as presented in the next chapters.   
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3.5 Supplementary Information    

 

Figure S3.1 

Gene expression profiling of hMOB2-depleted RPE1 cells (in support of Figure 

3.4).                   

mRNA levels of indicated genes were analysed in RPE1-hTert Tet-On shMOB2#5 

cells treated with (black bars) or without (grey bars) tetracycline for 24, 48 and 72 

hours. Results were normalized to the untreated condition at 48 h. and shown as 

average ±S.E.M. of four independent experiments (p-values: hMOB2, 48h = 6.4E-

04, 72h = 0.038, 96h = 9.2E-03; Noxa, 48h = 1.8E-04, 96h = 0.021; Sco2, 72h = 

7.0E-03; Sesn2, 72h = 1.8E-03, 96h = 0.035).  
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Figure S3.2 

p53 levels increases upon hMOB2 depletion (in support of Figure 3.4).     

RPE1, BJ and MCF10A cells transiently transfected with 3 different siRNAs directed 

against hMOB2 (#4, #5, #6) were processed for immunoblotting 48 hours after 

transfection and expression levels of hMOB2, p53 and p21 were assessed. Blots 

represent more than one individual experiment. 
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Figure S3.3 

Average cell size does not change upon hMOB2 knockdown.               

Cell size analyses of RPE1 Tet-on shMOB2 cells at indicated time points with (+Tet) 

or without (−Tet) of tetracycline (2 µg/ml) using a cell counter (Beckman Coulter, 

Inc. Vi-CELL XR 2.03). Bars show average cell size of >1.000 cells scored in 50 

images per group.   
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Chapter 4 hMOB2 interacts with RAD50 and 

supports MRN-mediated ATM signalling and 

homologous recombination-mediated DSB repair 

Figures 4.1, 4.2, 4.3, and Supplementary Figures 4.1 and 4.2 have been 

reprinted from Cellular Signalling, 27/2, Gomez, V., Gundogdu, R., Gomez, 

M., Hoa, L., Panchal, N., O’Driscoll, M. and Hergovich, A., Regulation of DNA 

damage responses and cell cycle progression by hMOB2, 326–339., 

Copyright (2015), with permission from Elsevier (for details please see 

below). 
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4.1 Introduction 

In the previous chapter, we found that upon hMOB2 depletion under normal 

conditions (without exogenous stress induction) unrepaired spontaneous 

DNA damage accumulates, initiating DNA damage-p53 signalling, which 

promotes p21 expression to activate the G1/S cell cycle checkpoint. Based 

on these observations, we hypothesised that hMOB2 promotes DDR 

signalling by supporting DNA damage detection/repair and cell cycle 

checkpoints.  

The genome is constantly subjected to endogenous and exogenous 

DNA damaging factors, which induces a variety of DNA lesions including 

double strand breaks (DSBs) (Lindahl and Barnes, 2000). The immediate 

detection of these lesions and subsequent damage sensing/repair signalling 

is mediated by the DDR pathway (Symington and Gautier, 2011, Chapman et 

al., 2012). Apart from PARP and Ku70/80 (Polo and Jackson, 2011), DSBs 

are avidly detected by the MRN (MRE11-RAD50-NBS1) complex, which is 

then employed to tether broken DNA ends prior to repair by the NHEJ 

pathway or to facilitate end resection prior to repair by the HRR pathway (Lee 

and Paull, 2004, Lee and Paull, 2005a). Damage-induced structural change 

on chromatin promotes initial intermolecular autophosphorylation of ATM, 

inducing homodimer disassociation (Kastan and Bartek, 2004). Once 

activated, ATM monomers are recruited to the vicinity of DSBs by NBS1 

(Rupnik et al., 2010, Stracker and Petrini, 2011, Williams et al., 2010), which 

further supports catalytically active ATM monomers by its 

autophosphorylation at Ser1981 residue (Bakkenist and Kastan, 2003). The 

ATM kinase, in turn, phosphorylates a broad spectrum of substrates (e.g. 

p53, CHK2 and H2AX) that controls diverse aspects of cellular processes 

including cell cycle regulation, chromatin remodelling and DNA damage 

repair mechanisms (Matsuoka et al., 2007, Shiloh and Ziv, 2013). DSBs can 

be induced directly by physiological DNA metabolism (e.g. through 

topoisomerase enzymes) or during exposure to external DNA-damaging 

factors (e.g. IR), and DSBs are deleterious lesions that are extremely 

complex to repair (Lindahl and Barnes, 2000).  
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The homologous recombination repair (HRR) and non-homologous 

end-joining (NHEJ) mechanisms are the two most important DNA damage 

repair pathways dealing with DSBs (Goodarzi and Jeggo, 2013, Khanna and 

Jackson, 2001, Chapman et al., 2012, Jasin and Rothstein, 2013). NHEJ is 

an error-prone repair mechanism that is active throughout the entire cell 

cycle. In contrast, HRR is an error-free mechanism that deals with DSBs only 

in the late S and G2 phase when a homologous DNA sequence is available 

(Goldstein and Kastan, 2015). Following the initial detection of DSBs, the 

HRR pathway is considered to be divided into six steps as follows: (i) 

overhanging 3’ ssDNA formation, (ii) recruitment of the RPA complex on 

resected chromatin, (iii) replacement of RPA by RAD51 nucleofilament, (iv) 

homology search, strand invasion, generation of D-loop and Holliday 

junctions, (v) branch migration, and finally (vi) resolution of the Holliday 

junction (Goldstein and Kastan, 2015). Among other steps, the stabilisation 

of the nucleoprotein filament formed by RAD51-ssDNA is essential for the 

subsequent HRR stages (Prakash et al., 2015). 

The initial interaction of RAD51 monomers with BRCA2 has been 

reported to be significant for RAD51-ssDNA nucleoprotein filament formation 

(Esashi et al., 2007, Davies and Pellegrini, 2007, Schlacher et al., 2011). 

Subsequently, polymerised RAD51 interacts with the C-terminal region of 

BRCA2, which further assists stabilisation of RAD51 nucleofilament 

formation (Esashi et al., 2007, Davies and Pellegrini, 2007, Schlacher et al., 

2011). CDK-mediated phosphorylation of BRCA2 at Ser3291 blocks the 

interaction between RAD51 polymers and BRCA2, which disrupts RAD51-

ssDNA formation (Esashi et al., 2005). Upon DNA damage, phosphorylation 

of BRCA2 at Ser3291 diminishes in order to promote stabilisation of RAD51 

nucleoprotein formation, consequently facilitating fork protection and HRR 

(Esashi et al., 2005, Schlacher et al., 2011). Furthermore, RAD51 can be 

phosphorylated at Ser14 by the PLK1 kinase and subsequently by CK2 at 

Thr13 (Yata et al., 2012). These phosphorylation events occur within the 

BRCA2 complex and in a CDK-dependent manner (Yata et al., 2014), and 

hence are of significance for RAD51 recruitment onto ssDNA, followed by 

DSB repair through accurate HRR (Yata et al., 2012).    
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4.2 Research aims 

We revealed that hMOB2 is required to prevent spontaneous DSB 

accumulation under normal circumstances and supports cell cycle checkpoint 

activation upon high levels of exogenous DNA damage. However, the 

absence of any mechanistic link that explains how hMOB2 contributes to the 

DDR signalling pathway and DSB sensing/repair inspired us to investigate: 

(i) whether hMOB2 has novel binding partners that are related to 

DDR signalling, 

(ii) whether hMOB2 promotes ATM-mediated DDR signalling, 

(iii) whether hMOB2 supports DSB repair pathways. 
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4.3 Results 

hMOB2 interacts with the MRN component RAD50. To explore how 

hMOB2 can function as a DDR protein, a yeast-two-hybrid (Y2H) assay was 

performed with full-length hMOB2 as a bait. Our goal was to define novel 

direct (binary) binding partners of hMOB2, which contribute to DDR signalling 

(see Table S2.2 in the Supplementary section, page 128). Significantly, two 

well-known DDR proteins, UBR5 and RAD50 were discovered as top 

candidates by this screen (Figure 4.1A). The most frequently isolated prey 

was the HECT domain E3 ligase UBR5 (also termed EDD1) (Figure 4.1A, 

and see Table S2.2 in the Supplementary section, page 128). However, all 

hits for UBR5 were not in frame with the GAL4 activation domain (see Table 

S2.2 in the Supplementary section, page 128), and the interaction between 

hMOB2 and UBR5 was not detectable by co-immunoprecipitation 

experiments upon overexpression in mammalian cells (see Figure S4.1 in the 

Supplementary section, page 187). This implies that the detected Y2H 

interaction between hMOB2 and UBR5 is very likely a Y2H artefact. 

Therefore, we aimed to understand the interaction between hMOB2 and 

RAD50, which was repeatedly detected by Y2H (Figure 4.1A).   

As a key component of the MRN complex, RAD50 is required for DNA 

damage detection to triggering DDR signalling, subsequently activating cell 

cycle checkpoints and DNA repair pathways (Rupnik et al., 2010, Stracker 

and Petrini, 2011, Williams et al., 2010). Hence, the identification of novel 

MRN regulators is essential for our understanding of the DDR in human cell 

biology (Jackson and Bartek, 2009). Furthermore, a mechanistic link 

between hMOB2 and MRN function could explain why hMOB2-knockdown 

cells show impaired cell cycle checkpoints, accumulation of unrepaired 

spontaneous DSBs, and a cell cycle progression defect.  

We first aimed to ratify the interaction of hMOB2 with RAD50 in 

mammalian cells. In contrast to our results concerning UBR5 (see Figure 

S4.1 in the Supplementary section, page 187), co-immunoprecipitation 

experiments using mammalian cell lysates readily detected the formation of 

hMOB2/RAD50 complexes on endogenous and exogenous levels (Figure 

4.1B-C). Moreover, Y2H mapping displayed the region surrounding the zinc 
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hook domain and a C-terminal stretch encompassing part of the ABC domain 

of RAD50 as binary binding sites for hMOB2 (Figure 4.1D). Consequently, 

hMOB2 interacts with the MRN component RAD50, which in turn may 

promote MRN functionality in context of the DDR.   

 

Figure 4.1 

hMOB2 interacts with the MRN component RAD50.                           

(A) List of novel hMOB2 binding partners identified at least twice by yeast two-hybrid 

(Y2H) screens. The number of independent hits is indicated. The Y2H screen was 

performed by Dual systems Biotech AG (Zurich, Switzerland). (B) RPE1 Tet-on 

shMOB2 cells incubated with (+Tet, 2 μg/ml) or without (−Tet) tetracycline for 96 h 

were subjected to immunoprecipitation (IP) using anti-RAD50 (RAD50) or control 

(IgG) antibodies before inputs and immunoprecipitates were analysed by 

immunoblotting. Asterisk (*) marks an unspecific band in the RAD50 blot. Blots 

represent three individual experiments. (C) COS-7 lysates transiently expressing 

indicated combinations of HA-tagged RAD50 and myc-tagged hMOB2 were 

subjected to immunoprecipitation using an anti-HA 12CA5 antibody, before 

immunoblotting of immuno-complexes and input lysates. Blots represent three 

individual experiments. (D) Primary structure of RAD50 indicating direct hMOB2 

binding sites defined by Y2H mapping. Known functional domains of RAD50 are 
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highlighted. The experiment was performed by Dr Valenti Gomez with my 

intellectual contribution.  

 

 

The interaction of hMOB2 with RAD50 may regulate MRN-ATM 

recruitment to damaged chromatin. Considering the link between hMOB2 

and MRN through the hMOB2/RAD50 interaction, we wondered whether 

hMOB2 contributes to DNA damage-induced chromatin binding of MRN and 

subsequent ATM recruitment, which is crucial for efficient MRN-mediated 

ATM signalling (Rupnik et al., 2010, Stracker and Petrini, 2011, Williams et 

al., 2010). It is worth to note that MRN protein levels are cell cycle regulated 

(Stumpf et al., 2013). Therefore, in order to avoid indirect cell cycle effects in 

our analysis of MRN functionality, we analysed cells 24 h after siRNA 

transfection, since at this time point neither MRN nor p53 levels were 

affected despite efficient hMOB2 depletion (see Figure S4.2 in the 

Supplementary section, page 188). To induce exogenous DNA damage, cells 

were treated with doxorubicin, before cells were subjected to chromatin-

cytosol fractionations, followed by immunoblotting of MRN to detect DNA 

damage-induced enrichment at chromatin. Notably, this analysis revealed 

that hMOB2 is required for normal MRN recruitment to DNA damaged 

chromatin, since DNA damage-induced enrichment of MRN at chromatin was 

severely compromised upon hMOB2 knockdown (Figure 4.2). In addition, 

enrichment of activated ATM at DNA damaged chromatin was also 

dependent on normal hMOB2 levels (Figure 4.2, top panel). Collectively, 

these experiments (Figures 4.1 and 4.2) unveiled hMOB2 as an MRN 

regulator, indicating that the DNA damage binding/sensing function of MRN 

is dependent on normal hMOB2 levels. Therefore, this explains how in 

hMOB2-depleted cells compromised DNA damage sensing can result in the 

accumulation of unrepaired DSBs, triggering a DNA damage-p53-p21 

cascade to halt cell cycle progression. 
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Figure 4.2 

hMOB2 interacting with the MRN component RAD50 regulates MRN-ATM 

recruitment to damaged chromatin.                              

RPE1 cells transiently transfected for 24 h with indicated siRNAs (−, siCTL;+, 

siMOB2) were treated with indicated doxorubicin doses, before separation into 

chromatin and cytosolic fractions, and subsequent immunoblotting with indicated 

antibodies. The experiment was performed by Dr Valenti Gomez with my intellectual 

contribution. Blots represent three individual experiments. 

hMOB2 is required for normal ATM-mediated DDR signalling in 

response to exogenous DNA damage. Having established an essential 

role for hMOB2 in MRN-ATM recruitment to damaged chromatin sites 

prompted us to investigate the effect of hMOB2 depletion on the cellular 

response of ATM signalling upon exogenously induced DNA damage in 

untransformed cells. Following DNA damage induction, the MRN complex 

binds avidly to damaged chromatin to activate a finely co-ordinated panel of 

activities (Polo and Jackson, 2011), which involves MRN-mediated 

recruitment of the ATM kinase to DSBs (Rupnik et al., 2010, Stracker and 

Petrini, 2011, Williams et al., 2010). Once activated, the central DDR protein 

kinase ATM phosphorylates many substrates involved in DDR signalling, 

such as p53, CHK2, and KAP1, as well as the MRN component NBS1 to 
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create a positive feedback loop maintaining ATM activity (Shiloh and Ziv, 

2013). In addition, ATM further phosphorylates SMC1, which has been 

reported to be required for cell survival in response to DNA damage (Kim et 

al., 2002, Kitagawa et al., 2004, Yazdi et al., 2002). Thus, to examine these 

multiple branches of DDR signalling, IR-induced phosphorylation of ATM and 

a panel of ATM substrates was compared between controls and hMOB2-

depleted cells 24 h post-siRNA transfections (Figure 4.3). Interestingly, this 

analysis showed that the IR-induced phosphorylation levels of ATM, SMC1 

and NBS1 were significantly compromised in hMOB2-knockdown cells, 

whereas p53, CHK2, and KAP1 phosphorylation was unaffected when 

compared to controls (Figure 4.3). This indicates that hMOB2 is dispensable 

for some ATM activities while being required for optimal ATM activation and 

ATM-mediated phosphorylation of NBS1 and SMC1. Additionally, we 

expanded our analysis by testing cells treated with the ICL-inducing agents 

mitomycin C or cisplatin as well as the topoisomerase II inhibitor doxorubicin 

(see Figures S4.3, S4.4, and S4.5 in the Supplementary section, pages 189-

191). Taken together, these findings demonstrated that selective branches of 

ATM-mediated DDR signalling were severely impaired in hMOB2-depleted 

cells, which could very likely be the reason of the observed defective cell 

cycle checkpoint activation upon hMOB2 knockdown.         
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Figure 4.3 

hMOB2 supports IR-induced ATM-NBS1-SMC1 signalling.                                 

(A) Phosphorylation of ATM and ATM substrates analysed by immunoblotting with 
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indicated antibodies of RPE1 cell lysates from cells transiently transfected for 24 h 

with indicated siRNAs (−, siCTL; +, siMOB2). Cells were treated with indicated 

ionising radiation (IR) doses, before processing for immunoblotting. Blots represent 

three individual experiments. (B) Graphs showing the kinetics of ATM activation as 

judged by Ser1981 auto-phosphorylation and substrate phosphorylations by ATM 

obtained by densitometry quantification of Western blots shown in A 

(phosphorylated/total proteins).  

hMOB2 is required for the efficient DSB repair by the HRR pathway. 

Next, we hypothesised that inefficient MRN functionality in hMOB2-depleted 

cells might impair the integrity of DSB repair pathways, which could be the 

mechanistic reason of the spontaneous DSB accumulation upon hMOB2 

knockdown. To investigate the involvement of hMOB2 in DSB repair, the 

GFP reporter assays DR-GFP and EJ5-GFP were utilised to assess the 

efficiency of the HRR and NHEJ pathways, respectively (Gunn and Stark, 

2012).  

On the one hand, the U2OS DR-GFP cells are stably modified to carry 

two GFP gene repeats; the upstream one is flanked by an I-Sce1 (a rare 

cutting endonuclease) recognition site, and the downstream one represents a 

truncated non-functional form of the gene. Exogenous expression of the I-

Sce1 endonuclease induces a site-specific (experimental) DSB within the 

upstream GFP, which is restored by the HRR pathway employing the 

downstream GFP sequence as a template (Figure 4.4A). The resulting GFP 

signal scored by flow cytometry is considered to be an appropriate readout 

for the efficiency of HRR (Figure 4.4D) (Pierce et al., 1999). On the other 

hand, U2OS EJ5-GFP cells are stably modified with an inactive GFP-

expressing sequence that is separated from its promoter by a puromycin 

gene flanked by two I-Sce1 recognition sequence. Exogenous expression of 

the I-Sce1 enzyme produces two DSBs followed by the excision of the 

puromycin gene by NHEJ. The NHEJ pathway subsequently ligates the 

promoter with the GFP-expressing gene (Figure 4.5A), producing a GFP 

signal that is scored to assess the efficiency of NHEJ (Figure 4.5D) (Gunn 

and Stark, 2012).          

U2OS DR-GFP and EJ5-GFP cells with or without transient hMOB2 

knockdown (Figures 4.4B and 4.5B) were transfected with empty vector or 
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pCBASce1 plasmid that expresses HA-tagged I-Sce1 in order to introduce 

experimental DSBs (Figures 4.4C and 4.5C). The cells were processed for 

flow cytometry to monitor GFP+ cells 72 h after transfection. Strikingly, this 

experiment showed that hMOB2 depletion attenuated HRR by nearly 50% 

(Figure 4.4E), suggesting that hMOB2 knockdown impaired the efficiency of 

HRR. We monitored the integrity of the assay by employing the ATM inhibitor 

KU-55933 (Figure 4.4E), which has been previously reported to inhibit HRR 

in this DR-GFP system (Gunn et al., 2011). 

Equally important, we found that hMOB2-depleted cells displayed a 

significantly increased fraction of GFP+ signals (Figure 4.5E), suggesting that 

upon hMOB2 depletion NHEJ activity is elevated. Importantly, this assay 

specifically monitored NHEJ activity, since the GFP signals were severely 

reduced upon DNA-PK inhibition as already reported in Gunn et al. (2011) 

(Figure 4.5E). Thus, our findings highlight that hMOB2 is not essential for 

NHEJ. As an additional control, we confirmed by immunoblotting that the 

reduced HRR and increased NHEJ activities as observed in hMOB2-

depleted cells were not a consequence by unequal expression of the HA-

tagged I-Sce1 enzyme (Figures 4.4C and 4.5C, respectively). 

Collectively, we show so far in this chapter that hMOB2 is required for 

(i) the recruitment of the MRN complex and activated ATM to chromatin with 

DNA damage, (ii) selective aspects of ATM-mediated DDR signalling, and 

(iii) efficient HRR-mediated DNA repair in response to DNA damage.  
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Figure 4.4 

hMOB2 promotes the DSB repair pathway HRR.                                

(A) A schematic diagram of the HRR (DR-GFP) reporter assay. Adapted from Gunn 

and Stark (2012). iGFP: internal GFP (B) Immunoblotting with indicated antibodies 

of U2OS DR-GFP cell lysates from cells transiently transfected for 24 h with 

indicated siRNAs. (C) The cells prepared as in B were transiently transfected for 72 

h with or without pCBASce1 (I-Sce1) and harvested for immunoblotting with 

indicated antibodies. (D) Representative FACS plots of the cells with GFP+ signals 

following 72 h of I-SceI transfection as outlined in C. (E) The cells prepared as in C 

were analysed after 72 h following I-SceI transfection. Cells which were 

untransfected or transfected with pEGFP (GFP) served as experimental negative 

and positive controls, respectively (data not shown). Cells transfected with 

pCBASceI (I-SceI) and treated with 10 µM ATM inhibitor (KU-55933) for 60 hours 

were used as an assay control. The bar graph displays the relative frequency of 

GFP+ cells normalised to control cells, calculated according to raw GFP% (n=4, p-

values are: siMOB2=2.9E-04, ATMi=9.7E-03 compared to siRNA control). Results 
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are presented as mean of replicates and error bars as mean ± standard error of 

mean (SEM), statistical significance was calculated using the one-tailed unpaired 

Student's t-test.   

 

Figure 4.5 

hMOB2 is dispensable for the DSB repair pathway NHEJ.               

(A) A schematic diagram of the NHEJ (EJ5-GFP) reporter assay. Modified from 

Gunn and Stark (2012). puro: puromycin (B) Immunoblotting with indicated 

antibodies of U2OS EJ5-GFP cell lysates from cells transiently transfected for 24 h 

with indicated siRNAs. (C) The cells prepared as in B were transiently transfected 

for 72 h with or without pCBASce1 (I-Sce1) and harvested for immunoblotting with 

indicated antibodies. (D) Representative FACS plots of the cells with GFP+ signals 

following 72 h of I-SceI transfection as outlined in C. (E) The cells prepared as in C 

were analysed after 72 h following I-SceI transfection. Cells which were 

untransfected or transfected with pEGFP (GFP) served as experimental negative 

and positive controls, respectively (data not shown). Cells transfected with 

pCBASceI (I-SceI) and treated with 10 µM DNA-PK inhibitor (NU-7441) for 60 hours 

were used as an assay control. The bar graph displays the relative frequency of 

GFP+ cells normalised to control cells, calculated according to raw GFP% (n=3, p-

values are: siMOB2=0.048, DNA-PKi=6.8E-04 compared to siRNA control). Results 
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are presented as mean of replicates and error bars as mean ± standard error of 

mean (SEM), statistical significance was calculated using the one-tailed unpaired 

Student's t-test. 

 

hMOB2-depleted cells display increased RPA foci formation. The 

activities of MRN and ATM are essential in the early steps of HRR, where 

both facilitate the processing of DSB end resection to generate 3’ ssDNA 

overhangs, which are significant for the initiation of HRR (Stracker and 

Petrini, 2011). We found that hMOB2 promotes (i) activated MRN and ATM 

recruitment to chromatin with DNA damage (Figure 4.2) and (ii) ATM 

signalling in response to DNA damage (Figure 4.3), hence, we also 

investigated whether the inefficient DSB repair by HRR in hMOB2-depleted 

cells was a consequence of defective ssDNA formation. As illustrated in 

Figure 4.6A, after the recognition step of a DSB by MRN, MRE11 together 

with the CtIP nuclease produces 3’ ssDNA overhangs, which are then coated 

by the trimeric RPA complex (consisting of RPA-70, RPA-34, and RPA-14) 

(Buisson et al., 2010, Deans and West, 2011, Moynahan and Jasin, 2010). 

Therefore, we examined the efficiency of DNA end resection (ssDNA 

formation) judged by RPA foci formation in U2OS cells with or without 

hMOB2 manipulation (Figure 4.6B). Cells were treated with mitomycin C for 

24 h, before being processed for immunofluorescence staining. We analysed 

only cells in S/G2 marked by the cell-cycle marker CENPF (centromere 

protein F, aka mitosin) (Figure 4.6C). As shown in Figure 4.6D, the 

immunodetection of RPA revealed a two-fold increase in the number of 

CENPF-positive cells with more than five RPA foci when hMOB2 was 

silenced. This finding suggests that ssDNA formation (the binding platform 

for RPA) is not decreased, but rather elevated, upon hMOB2 reduction. In 

line with this, we also found that RPA70 protein levels significantly increased 

upon hMOB2 knockdown (Figure 4.6A), suggesting a need for amplified RPA 

levels presumably due to persistent ssDNA formation upon hMOB2 

depletion. Collectively, our data shown in Figure 4.6 propose that hMOB2 

knockdown does not affect DSB end resection (ssDNA formation), indicating 

that the initiation of HRR is most likely intact in hMOB2-deficient cells.  
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Figure 4.6 

hMOB2-deficient cells have increased RPA formation.                        

(A) A schematic illustration of DNA end resection followed by RPA loading. Modified 

from Ferretti et al. (2013). (B) Immunoblotting of U2OS cells transiently transfected 

with indicated siRNAs (siCTL, siMOB2) for 24 h before analysis with indicated 

antibodies. (C) Representative images of immunodetection of RPA70 foci (red) and 

CENPF signals (green) in U2OS cells exposed to mitomycin C. DNA is stained blue. 

24 h before mitomycin C treatment, U2OS cells were transiently transfected with 

indicated siRNAs (siCTL, siMOB2). The next day, cells were treated with 0.3 μM 

mitomycin C for 24 h before processing for immunofluorescence. (D) Histogram 

showing percentages of mitomycin C-treated CENPF-positive U2OS cells with more 

than five RPA70 foci. >150 cells were scored per experiment (n=3, p=0.041). MMC: 

Mitomycin C. Results are presented as mean of replicates and error bars as mean ± 

standard error of mean (SEM), statistical significance was calculated using the one-

tailed unpaired Student's t-test. 
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hMOB2 is required for RAD51 loading onto ssDNA. Having observed that 

hMOB2-deficient cells display increased RPA foci formation (Figure 4.6), we 

were prompted to investigate the recruitment of RAD51 onto the resected 

chromatin to form ssDNA-RAD51 nucleoprotein filaments in hMOB2-

knockdown cells. The RPA complex displays high binding activity for ssDNA 

tails, which inhibits RAD51 loading and thereby the HRR progression 

(Moynahan and Jasin, 2010). Hence, as illustrated in Figure 4.7A, the 

replacement of RPA by RAD51 requires a set of modifications of RAD51 by 

specific mediators (e.g. Yata et al. (2012) and Yata et al. (2014)). Here, we 

examined the efficiency of RAD51 focus formation in U2OS cells with or 

without hMOB2 manipulation (Figure 4.7B). As performed for the 

immunofluorescence of RPA, cells treated with mitomycin C for 24 h and only 

S/G2 cells (CENPF+) were scored (Figure 4.7C). As shown in Figure 4.7D, 

CENPF+ cells with hMOB2 knockdown showed a pronounced ablation in 

mitomycin C-induced RAD51 nucleofilament formation, which was not a 

result of diminished RAD51 protein levels (Figure 4.7B). Taken together, the 

data shown in Figures 4.6 and 4.7 collectively propose that hMOB2 

deficiency results in impaired replacement of RPA by RAD51 polymers to 

form nucleoprotein filaments. Noteworthy, this notion is fully supported by our 

previous observation of compromised HRR efficiency upon hMOB2 

knockdown (Figure 4.4).  
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Figure 4.7 

hMOB2 promotes the damage-induced RAD51 focus formation.      

(A) A schematic illustration showing the replacement of RPA by RAD51 polymers to 

form ssDNA-RAD51 nucleoprotein filaments. Adapted from Holloman (2011). (B) 

Immunoblotting of U2OS cells transiently transfected with indicated siRNAs (siCTL, 

siMOB2) for 24 h before analysis with indicated antibodies. (C) Representative 

images of immunodetection of RAD51 foci (green) and CENPF signals (red) in 

U2OS cells exposed to mitomycin C. DNA is stained blue. 24 h before mitomycin C 

treatment, U2OS cells were transiently transfected with indicated siRNAs (siCTL, 

siMOB2). The next day, cells were treated with 0.3 μM mitomycin C for 24 h before 

processing for immunofluorescence. (D) The dot blot graph presents quantification 

of nuclear RAD51 foci number in CENPF-positive U2OS cells treated with or without 

mitomycin C. >150 cells were scored per experiment (n=3, p<0.0001). MMC: 

Mitomycin C. Results are presented as mean of replicates and error bars as mean ± 

standard error of mean (SEM), statistical significance was calculated using the 

Mann–Whitney test.         
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hMOB2 supports PLK1-mediated RAD51 phosphorylation at Ser14. The 

data presented in Figures 4.4 and 4.7 cumulatively suggest that hMOB2 

silencing impairs DSB repair by HRR. Considering further that hMOB2-

depleted cells displayed increased RPA foci formation combined with 

decreased RAD51 foci formation (Figures 4.6 and 4.7), we were tempted to 

speculate that the replacement of RPA by RAD51 was impaired upon 

hMOB2 depletion.  

Considering that RAD51 phosphorylations by the PLK1 and CK2 

kinases are essential for efficient RAD51 loading mediated by BRCA2 (Yata 

et al., 2014, Yata et al., 2012), we hypothesised that defective RAD51 

loading upon hMOB2 knockdown is a consequence of altered 

phosphorylations of (i) BRCA2 at Ser3291 (Esashi et al., 2005, Yata et al., 

2014), (ii) RAD51 at Ser14 (Yata et al., 2014, Yata et al., 2012), and/or (iii) 

RPA34 at Ser4/Ser8 (Liaw et al., 2011). Any alterations of these 

phosphorylation events could help to explain why RAD51 loading and HRR is 

diminished in hMOB2-depleted cells. Interestingly, the level of RAD51 Ser14 

phosphorylation was significantly diminished in hMOB2-depleted cells after 

24 h post-siRNA transfection without any effect on total RAD51 protein levels 

in the absence of any DNA damage inducing agent (Figure 4.8B-C). 

RAD51 is phosphorylated at Ser14 in response to DNA damage 

induction (Yata et al., 2012), therefore, we tested next whether exogenously 

induced DNA damage successfully triggered Ser14 phosphorylation of 

RAD51 in hMOB2-depleted cells. We designed a time-course experiment 

using U2OS cells with or without hMOB2 depletion. 24 h post-siRNA 

transfection, cells were harvested (i) immediately, (ii) following treatment with 

mitomycin C for 12 h, (iii) after 24 h treatment with mitomycin C, or (iv) after 

24 h mitomycin C treatment followed by 6 h incubation in drug-free medium. 

Strikingly, this revealed that Ser14 phosphorylation of RAD51 was severely 

compromised in hMOB2-deficient cells compared to controls (Figure 4.8D), 

highlighting that even in the presence of exogenous DNA damage Ser14 

phosphorylation of RAD51 is impaired in hMOB2-knockdown cells. In 

contrast, the phosphorylations of BRCA2 at Ser3291 and RPA32/34 at 

Ser4/Ser8 were not altered upon hMOB2 depletion (Figure 4.8D).  
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To sum up, our results presented in this chapter suggest a novel 

function of hMOB2 in supporting the phosphorylation of RAD51 at Ser14, 

which is required for efficient RAD51 nucleofilament formation, which in turn 

is essential for efficient repair of DSBs by HRR. 

 

Figure 4.8 

hMOB2 is needed for efficient phosphorylation of RAD51.               

(A) A schematic diagram of the RAD51 nucleofilament stabilisation through the 

PLK1- and CK2-mediated phosphorylations. Adapted from Yata et al. (2012). (B) 

Immunoblotting with indicated antibodies of U2OS cell lysates from cells transiently 

transfected for 24 h with indicated siRNAs (siCTL, siMOB2). Blots represent three 

individual experiments. (C) Graphs showing RAD51 activation as judged by Ser14 
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phosphorylation obtained by densitometry quantification of Western blots shown in 

B (phosphorylated/total protein, siMOB2 was normalized to siCTL that was set to 1). 

n=3, p-value=9.9E-04. Results are presented as mean of replicates and error bars 

as mean ± standard error of mean (SEM), statistical significance was calculated 

using the one-tailed unpaired Student's t-test. (D) Phosphorylation of BRCA2, 

RAD51, and RPA32/34 was analysed by immunoblotting with indicated antibodies of 

U2OS cell lysates from cells transiently transfected for 24 h with indicated siRNAs 

(siCTL, siMOB2). Following 24 h of transfection, cells were either harvested (0 h) or 

treated with 0.3 μM mitomycin C for 12 h and 24 h and collected or further incubated 

in drug-free medium for 6 h and harvested before processing for immunoblotting. 

Asterisks (*) mark an unspecific band in the RAD51 blots. Blots represent three 

individual experiments.    
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4.4 Discussion  

Here we show that hMOB2 can interact with the MRN component RAD50, 

and regulate MRN-mediated ATM signalling in the DDR. Even more 

importantly, we discovered that loss of hMOB2 compromises Ser14 

phosphorylation of RAD51, which in turn impairs RAD51 loading onto 

ssDNA, and consequently diminishes  repair of DSBs by HRR.  

Like MRN deficient cells (Rupnik et al., 2010, Stracker and Petrini, 

2011, Williams et al., 2010), hMOB2-depleted cells display impaired cell 

proliferation, defective cell cycle checkpoints, and suboptimal ATM activation 

as shown in chapter-3 on pages 135 and 143, and chapter-4 on page 169, 

respectively. Therefore, our data suggest that hMOB2 supports MRN 

functionality, which is crucial for DNA damage detection, DDR signalling, and 

cell cycle checkpoint activation, consequently promoting efficient DNA repair. 

Our results provide the first mechanistic insight into how hMOB2 can function 

in the DDR by suggesting that hMOB2 contributes to the DDR on distinct 

molecular levels. On one hand, hMOB2 contributes to MRN-mediated 

recruitment of activated ATM to damaged chromatin (Figure 4.2). On the 

other hand, hMOB2 seems to support MRN as an adaptor for ATM 

substrates such as SMC1, while hMOB2 is dispensable for IR-induced ATM-

mediated phosphorylation of p53 and CHK2 (Figure 4.3). These findings 

suggest that hMOB2 is required to promote MRN-mediated signalling events, 

while hMOB2 is expendable for MRN-independent ATM signalling. This 

interpretation is in full agreement with published reports showing that SMC1 

phosphorylation by ATM is MRN-dependent (Kim et al., 2002, Kitagawa et 

al., 2004, Yazdi et al., 2002) and defective ATM activation is quantitative, not 

absolute, in MRN mutant cells (Kitagawa et al., 2004, Waltes et al., 2009, 

Uziel et al., 2003, Theunissen et al., 2003), while MRN-mediated ATM 

activation is dispensable for CHK2 and p53 phosphorylation (Stracker et al., 

2007, Lim et al., 2000).  

Considering that hMOB2 deficiency results in spontaneous 

accumulation of DSBs, we also analysed the contribution of hMOB2 to DSB 

repair pathways. HRR and NHEJ are the two main repair pathways that deal 

with DSBs (Khanna and Jackson, 2001, Goodarzi and Jeggo, 2013, Jasin 
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and Rothstein, 2013, Chapman et al., 2012). Using GFP recombination 

reporter assays we discovered that loss of hMOB2 disrupts DSB repair by 

HRR (Figure 4.4), which can help to explain why DSBs accumulate 

spontaneously under normal conditions (Figure 3.10, in chapter-3 on page 

150). Taken together, our data indicate that hMOB2 is an essential supporter 

of HRR, which led us to study the mechanism(s) through which hMOB2 can 

contribute to HRR.  

The initial process of HRR is the formation of ssDNA overhangs on 

both sides of an DSB. The ssDNA tails are then coated by the RPA complex, 

which is subsequently replaced by RAD51 nucleofilaments. RAD51 

nucleofilament formation is necessary for the subsequent steps of HRR 

including homology search and strand invasion (Buisson et al., 2010, Deans 

and West, 2011, Moynahan and Jasin, 2010). In this regard, the MRN 

component MRE11 together with the CtIP, EXO1 (exonuclease 1), and 

DNA2 nucleases are responsible for ssDNA formation (Sartori et al., 2007, 

Mimitou and Symington, 2009). Surprisingly, DNA end resection as judged 

by mitomycin C-induced RPA foci formation appears to be functional and 

persistent in hMOB2 depleted cells (Figure 4.6). This suggest that although 

hMOB2 deficiency limits MRN recruitment to damaged chromatin (Figure 

4.2), the remaining recruitment of MRN is sufficient to initiate ssDNA 

formation in hMOB2-deficient cells. In this context, one needs to note that a 

recent study analysing the relative contribution of the MRE11, CtIP, EXO1, 

and DNA2 nucleases to the initial step of the HRR pathway revealed that 

CtIP and DNA2 are sufficient for accurate end resection to secure efficient 

DSB repair by HRR (Hoa et al., 2015). Collectively, our data together with 

other reports suggest that in spite of impaired MRN functionality upon 

hMOB2 knockdown the resection of DSBs is not effected, and hence the 

initiation steps of HRR are most likely fully functional in hMOB2-deficient 

cells.  

Interestingly, in full support of our findings using GFP recombination 

reporter assays (Figure 4.4), we also discovered that hMOB2 silencing 

compromises mitomycin C-induced RAD51 loading to damaged chromatin 

(Figure 4.7). Since the efficient recruitment of RAD51 to ssDNA is required 
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for the continuation of HRR, we aimed to untangle how hMOB2 may support 

the replacement of RPA by RAD51 nucleofilaments. In this context, different 

mediators can regulate RAD51 loading onto RPA-coated ssDNA (Jasin and 

Rothstein, 2013). The interaction between BRCA2 and RAD51 supports 

RAD51-mediated HRR (Schlacher et al., 2011, Esashi et al., 2007, Davies 

and Pellegrini, 2007). Considerably, CDK-mediated phosphorylation of 

BRCA2 at Ser3291 is significant for RAD51 recruitment, since it negatively 

interferes with BRCA2/RAD51 complex formation (Esashi et al., 2005). 

Therefore, an increase of Ser3291 phosphorylation of BRCA2 upon hMOB2 

knockdown would help us to understand why RAD51 recruitment and thereby 

HRR is impaired. However, we found that BRCA2 phosphorylation at 

Ser3291 seems unaffected in hMOB2 depleted cells (Figure 4.8D), 

suggesting that other mechanisms are responsible for the compromised 

RAD51 loading observed upon hMOB2 depletion. In this regard, it has been 

demonstrated by Murphy et al. (2014) that phosphorylated RPA34 promotes 

PALB2 recruitment to damaged chromatin, which in turn facilitates BRCA2 

recruitment to RPA-coated ssDNA (Sy et al., 2009). Specifically, 

compromised Ser4/Ser8 hyperphosphorylation of RPA34 has been reported 

to impair RAD51 nucleofilament stability (Liaw et al., 2011). However, we 

observed that hMOB2 is very likely dispensable for the phosphorylation of 

RPA34 at Ser4/Ser8 sites (Figure 4.8D), thereby ruling out another possibility 

how hMOB2 deficiency may affect RAD51 recruitment to ssDNA. 

Yata et al. (2012) demonstrated that PLK1-mediated phosphorylation 

of RAD51 at Ser14 is required to promote RAD51 accumulation at damaged 

chromatin via its phosphorylation-mediated interaction with NBS1 (Figure 

4.8A) (Yata et al., 2012). Remarkably, we discovered that hMOB2 supports 

the phosphorylation of RAD51 at Ser14 in the absence or presence of 

exogenously induced DNA damage (Figure 4.8). This finding helps to explain 

why hMOB2-depleted cells show attenuated efficiency of HRR, since RAD51 

phosphorylation at Ser14 can be essential for accurate HRR (Yata et al., 

2012). 

Here we report that the hMOB2 protein interacts with RAD50, a 

component of the MRN complex which supports cell cycle checkpoints and 
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ATM-mediated DDR signalling, which are crucial for the initiation and 

regulation of HRR (Helleday, 2010). Our study further shows that hMOB2 

supports HRR by promoting RAD51 phosphorylation at Ser14, which 

stabilises RAD51 recruitment onto ssDNA coated by RPA (Yata et al., 2012). 

In line with this, our data suggest that hMOB2 deficiency impairs the 

replacement of RPA by RAD51 nucleoprotein filaments. Notably, these 

findings tempt us to speculate that hMOB2 plays a significant role in 

downstream of ssDNA formation in the HRR pathway. Taken together, a 

defective HRR upon hMOB2 depletion helps to explain why hMOB2 

deficiency induces the spontaneous accumulation of DSBs, which in turn 

activates a p53/p21-dependent G1/S cell cycle checkpoint in untransformed 

proliferating human cells.     
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4.5 Supplementary information  

 

Figure S4.1 

hMOB2 neither interacts with full-length nor HECT domain only UBR5 (in 

support of Figure 4.1)                                

(A) COS-7 lysates transiently expressing indicated combinations of FLAG-tagged 

UBR5 and HA-tagged hMOB2 were subjected to immunoprecipitation using an anti-

HA 12CA5 antibody, before immunoblotting of immuno-complexes and input lysates 

Blots represent more than one individual experiment. (B) COS-7 lysates transiently 

expressing indicated combinations of HA-tagged HECT domain of UBR5 and myc-

tagged hMOB2 were subjected to immunoprecipitation using an anti-HA 12CA5 

antibody, before immunoblotting of immuno-complexes and input lysates. The 

experiment was performed by Dr Valenti Gomez with my intellectual contribution 

Blots represent more than one individual experiment.     
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Figure S4.2 

Neither MRN was decreased, nor p53 levels were increased following 24 h of 

hMOB2 depletion (in support of Figure 4.2).       

Immunoblotting with indicated antibodies of RPE1 (left panel) or U2OS (right panel) 

cell lysates from cells transiently transfected for 24 h with indicated siRNAs. Blots 

represent more than one individual experiment. 
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Figure S4.3 

hMOB2 supports mitomycin C-induced ATM signalling (in support of Figure 

4.3).             

Phosphorylation of ATM and ATM substrates analysed by immunoblotting with 

indicated antibodies of RPE1 cell lysates from cells transiently transfected for 24 h 

with indicated siRNAs (−, siCTL; +, siMOB2). Cells were treated with indicated 

mitomycin C doses for 1 h, before processing for immunoblotting. The experiment 

was performed by me and Angeliki Ditsiou. Blots represent three individual 

experiments. 
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Figure S4.4 

hMOB2 supports cisplatin-induced ATM signalling (in support of Figure 4.3). 

Phosphorylation of ATM and ATM substrates analysed by immunoblotting with 

indicated antibodies of RPE1 cell lysates from cells transiently transfected for 24 h 

with indicated siRNAs (−, siCTL; +, siMOB2). Cells were treated with indicated 

cisplatin doses for 1 h, before processing for immunoblotting. The experiment was 

performed by me and Angeliki Ditsiou. Blots represent three individual experiments.  
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Figure S4.5 

hMOB2 supports doxorubicin-induced ATM signalling (in support of Figure 

4.3).                

Phosphorylation of ATM and ATM substrates analysed by immunoblotting with 

indicated antibodies of RPE1 cell lysates from cells transiently transfected for 24 h 

with indicated siRNAs (−, siCTL; +, siMOB2). Cells were treated with indicated 

doxorubicin doses for 1 h, before processing for immunoblotting. The experiment 

was performed by me and Angeliki Ditsiou. Blots represent three individual 

experiments.  
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Chapter 5 hMOB2 supports cancer cell survival 

upon ICL-inducing drugs and PARP inhibitors  

Figures S5.1, S5.2C-D in the Supplementary section have been reprinted 

from Cellular Signalling, 27/2, Gomez, V., Gundogdu, R., Gomez, M., Hoa, 

L., Panchal, N., O’Driscoll, M. and Hergovich, A., Regulation of DNA damage 

responses and cell cycle progression by hMOB2, 326–339., Copyright 

(2015), with permission from Elsevier (for details please see below). 
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5.1 Introduction 

Our data presented in the third and fourth chapters highlight the importance 

of hMOB2 as a novel DDR protein by showing that depletion of hMOB2 

impairs (i) DNA damage cell cycle checkpoint activation, (ii) efficient MRN-

ATM recruitment to damaged chromatin, (iii) ATM-mediated DDR signalling, 

(iv) RAD51 phosphorylation at Ser14 and thereby RAD51 loading onto 

ssDNA, and consequently (v) DSB repair by HRR. On the basis of these 

findings, we aimed to investigate whether loss of hMOB2 renders human 

cancer cells vulnerable to DNA-damaging agents, specifically to those 

generating lesions that are subjected to be repaired by the HRR mechanism 

(e.g. replication-associated DSBs) and whether hMOB2 offers any synthetic 

lethal interaction with other alternative DDR pathways.  

Although clinical studies have repeatedly demonstrated that DNA-

damaging treatments can be highly successful in treating cancer patients, 

our current understanding cannot explain the observed inconsistent 

responses at the molecular level (Helleday, 2010). Interestingly, the selective 

toxicity of DNA-damaging agents in a subtype of cancers has been 

suggested to be related to specific HRR defects (Helleday, 2010). For 

example, patients with primary ovarian cancers often respond well to 

platinum-based treatments such as cisplatin, which can be correlated with 

reduced expression of HRR proteins such as BRCA1 or FANCF (Taniguchi 

et al., 2003). Thus, it has become essential to identify key molecular DDR 

players that are determinants of cellular responses to anticancer treatments. 

Significantly, inhibition of alternative (compensatory) pathways may offer a 

targeted elimination of cancer cells by inducing selective cell death through 

synthetic lethality (Helleday, 2010, Curtin, 2012, Jackson and Helleday, 

2016). For instance, HRR-defective cancer cells with BRCA1/2 inactivation 

can be selectively killed by PARP inhibitors (Bryant et al., 2005, Farmer et 

al., 2005). Considering the importance of BRCA1 and BRCA2 proteins in 

HRR, many other HRR proteins (e.g. MRE11, RAD50, NBS1, PALB2) have 

currently been investigated in numerous pre-clinical studies in the context of 

PARP inhibition (Walsh and Hodeib, 2016, Wang et al., 2016). Therefore, a 

significant fraction of cancer research aims to characterise novel biomarkers 
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that can be selectively targeted since they may offer a better therapeutic 

outcome for cancer patients with defective HRR in spite of wild-type 

BRCA1/2 alleles.    
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5.2 Research aims 

Our results propose that hMOB2 through its involvement in HRR may 

represent a promising therapeutic benefit to predict cellular response to 

DNA-damaging anticancer treatments. Considering further that a genome-

wide DDR screen proposes that hMOB2-depleted cells may have increased 

sensitivity to mitomycin C (Cotta-Ramusino et al., 2011), we aimed to 

investigate whether reduced hMOB2 expression makes cells more sensitive 

to:  

(i) ICL-inducing agents and other DNA-damaging treatments 

including radiotherapy, 

(ii) inactivation of compensatory DDR pathways such as NHEJ and 

BER. 
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5.3 Results 

hMOB2 depletion sensitises human cancer cells to ICL-inducing 

chemotherapeutics. ICL-inducing agents (bifunctional alkylating chemicals) 

including mitomycin C and cisplatin can introduce DSBs by stalling 

replication forks at the intercross-link (Helleday, 2010). These types of 

replication-associated DSBs are selectively repaired by HRR, and therefore, 

decreased HRR functionality renders cells very sensitive to ICL-forming 

agents (Long et al., 2011, Kim and D'Andrea, 2012). For example, mitomycin 

C and cisplatin can selectively target tumour cells with HRR deficiency due to 

inactivation of BRCA1/2 genes (Curtin, 2012). Considering these 

observations and that loss of hMOB2 impaired HRR functionality, we 

hypothesised that hMOB2-knockdown cells might display increased 

sensitivities to the ICL-inducing chemotherapeutics mitomycin C and 

cisplatin. To test this, we studied manipulations of U2OS cells as U2OS cells 

are routinely employed for clonogenic cell survival assays in regard to DNA 

damaging agents (Sartori et al., 2007). 24 h after siRNA transfection cells 

were subjected to acute (1 h) mitomycin C or cisplatin treatments (Figures 

5.1A and Figure 5.2A, respectively). As anticipated, hMOB2-depleted cells 

were significantly sensitive to mitomycin C (Figure 5.1B-C) and cisplatin 

(Figure 5.2B-C), indicating that hMOB2 positively contributes to cell survival 

following exposure to ICL-inducing agents. These findings are fully consistent 

with the genome-wide DDR screen proposing that hMOB2 may contribute to 

mitomycin C sensitivity (Cotta-Ramusino et al., 2011). Additionally, we also 

analysed survival of hMOB2-deficient cells upon other DNA-damaging 

treatments including ionising radiation (IR) and topoisomerase inhibitors. We 

found that depletion of hMOB2 resulted in increased sensitivities to radiation 

and doxorubicin (see Figures S5.1 and S5.2B in the Supplementary section, 

pages 223- 224). In contrast, knockdown of hMOB2 did not sensitise cells to 

camptothecin or etoposide (see Figures S5.2A and S5.2C in the 

Supplementary section, page 224). These findings collectively propose that 

hMOB2 supports the repair of a specific subtype of DSBs (DNA lesions) by 

HRR. 
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Figure 5.1 

hMOB2-depleted cells display significantly increased sensitivity to mitomycin 

C.                                  

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL) in 

response to DMSO or mitomycin C treatment (1 h). Quantifications are shown as a 

percentage (in log scale) of colonies formed after treatment with indicated doses 

(n=4). Results were corrected according to plating efficiencies of the corresponding 

untreated controls. p-values are: 1 μM=8.3E-04, 2 μM=0.025, 3 μM=0.021. Results 

are presented as mean of replicates and error bars as mean ± standard error of 

mean (SEM), statistical significance was calculated using the one-tailed unpaired 

Student's t-test. (C) Representative images of the clonogenic survival assays. 
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Figure 5.2 

hMOB2 deficiency significantly decreases survival of cancer cells upon 

cisplatin treatment.                                

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL) in 

response to cisplatin treatment (1 h). Quantifications are shown as a percentage (in 

log scale) of colonies formed after treatment with indicated doses (n=4). Results 

were corrected according to plating efficiencies of the corresponding untreated 

controls. p-values are: 5 μM=0.018, 10 μM=0.013, 15 μM=0.01, 20 μM=0.031. 

Results are presented as mean of replicates and error bars as mean ± standard 

error of mean (SEM), statistical significance was calculated using the one-tailed 

unpaired Student's t-test. (C) Representative images of the clonogenic survival 

assays. 

ICLs are formed at comparable levels in hMOB2-proficient and -

deficient cells. To rule out that inconsistent formation of ICL adducts in 
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hMOB2-proficient vs. -deficient cells is the reason for the observed increased 

sensitivity to ICL agents, we compared the amount of ICL induction between 

control and hMOB2 knockdown cells (Figure 5.3A) using a modified alkaline 

Comet assay as explained in chapter-2, section 2.2.5.3, page 117 

(Spanswick et al., 2010). As already reported (Spanswick et al., 2012, 

Wynne et al., 2007), cells displayed maximum ICL formation after 9 h post-

cisplatin treatment. Notably, the ICL levels produced by cisplatin treatment in 

hMOB2-knockdown cells were comparable to control cells (Figure 5.3B). This 

suggests that the ICL-sensitivity of hMOB2-depleted cells was caused by 

compromised ICL repair and not an impairment of ICL adduct formation. 

Moreover, we observed that the unhooking kinetics of ICLs in hMOB2-

deficient cells and control cells were similar during the time-course of our 

experiment (Figure 5.3B). This further suggests that the unhooking process 

of ICL lesions, which is mainly regulated by the canonical Fanconi anemia 

(FA) pathway (Collis et al., 2008), was not affected upon hMOB2 knockdown.    

 

Figure 5.3 

Increased ICL-sensitivity of hMOB2-knockdown cells is not caused by 

inconsistent formation of ICL adducts.                                

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Comet assay 

quantification of ICL formations produced by cisplatin in U2OS cells. 24 h after 
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siRNA transfection (siCTL, siMOB2#4) cells were treated for 1 h with 100 μM 

cisplatin after which the drug was discarded and replenished with drug-free media. 

Cells were then incubated for indicated time points post-treatment to compare the 

amount of ICL formation between hMOB2-proficient and -deficient cells (n=3). 

Results are expressed as percentage decrease in tail moment mean for 50 cells 

counted at each point. p-values are: 0 h=0.31, 6 h=0.325, 9 h=0473, 12 h=0.1, 48 

h=0.067. Results are presented as mean of replicates and error bars as mean ± 

standard error of mean (SEM), statistical significance was calculated using the one-

tailed unpaired Student's t-test. 

Increased ICL-sensitivity of hMOB2-depleted cells is independent of the 

canonical FA pathway. Depletion of hMOB2 rendered cells sensitive to ICL-

inducing drugs (Figures 5.1 and 5.2). Following the initial FA pathway-

coordinated ICL unhooking process, the remaining ICL lesions are subjected 

to be repaired by various pathways including HRR (Deans and West, 2011). 

The data presented in Figure 5.3B suggest that the FA pathway is fully 

operational to unhook ICLs in hMOB2-depleted cells. To directly establish 

that the involvement of hMOB2 in ICL resolution was independent of the FA 

pathway, we transiently co-depleted hMOB2 and FANCD2, a central 

component of the FA pathway (Deans and West, 2011, Williams et al., 2013) 

(Figure 5.4A) and subsequently analysed the mitomycin C-sensitivity by 

clonogenic survival assays. Single FANCD2-depleted cells were more 

sensitive to mitomycin C compared to hMOB2-depleted cells (Figure 5.4B-C). 

Even more significantly, cells with co-depletion of hMOB2 and FANCD2 

exhibited even higher sensitivity to mitomycin C treatment (Figure 5.4B-C), 

suggesting a role for hMOB2 in ICL repair that is independent of the 

canonical FA pathway. Equally important, the survival of cells with co-

depletion of hMOB2 and FANCD2 was even decreased compared to normal, 

hMOB2-deficient, or FANCD2-deficient cells in the absence of any 

exogenous DNA damage (Figure 5.4B-C). These findings cummulateively 

suggest a synthetic lethal interaction between the hMOB2- and FANCD2-

regulated pathways. In this regard, we also observed that hMOB2 protein 

levels appear to be upregulated upon FANCD2 depletion (Figure 5.4A, lane 

3), which suggests that potentially compensatory mechanisms are activated 

upon single FANCD2 knockdown.  
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Figure 5.4 

hMOB2-knockdown cells show augmented sensitivity to ICL-inducing agents 

independent of the FA pathway.                              

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 and/or FANCD2 knockdown (siMOB2#4, siFANCD2#6) 

compared with controls (siCTL) in response to DMSO or mitomycin C treatment (1 

h). Quantifications are shown as a percentage (in log scale) of colonies formed after 

treatment with indicated doses (n=3). Results were corrected according to plating 

efficiencies of the corresponding untreated controls. p-values are: 0 μM, CTL-

MOB2/FANCD2=0.003; 2 μM, CTL-MOB2=0.04, CTL-FANCD2 =0.012, CTL-

MOB2/FANCD2=0.011, MOB2-MOB2/FANCD2=5.7E-03, FANCD2-

MOB2/FANCD2=0.048. Results are presented as mean of replicates and error bars 

as mean ± standard error of mean (SEM), statistical significance was calculated 

using the one-tailed unpaired Student's t-test. (C) Representative images of the 

clonogenic survival assays. 
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Blocking of classical NHEJ through DNA-PK inhibition lowers the 

survival of hMOB2-deficient cells. A significant number of studies indicate 

that cancer cells deficient in DDR pathways gain a dependency on 

alternative (compensatory) pathways for their survival (Bryant et al., 2005, 

Farmer et al., 2005), which may explain the observed synthetic lethal 

interaction between the hMOB2- and FANCD2-regulated pathways (Figure 

5.4). Given that hMOB2-deficient cells exhibited significantly attenuated HRR 

activity and increased NHEJ activity to repair DSBs (see Figures 4.4 and 4.5 

in chapter-4 on pages 173-174), we investigated whether NHEJ inhibition 

may display a synthetic lethal interaction with hMOB2 knockdown. 

The classical NHEJ mechanism is considered as the predominant 

DSB repair pathway that is functional throughout the entire cell cycle phases 

(Goodarzi and Jeggo, 2013). The DNA-PK enzyme functions critical roles in 

NHEJ, where it catalyses the re-ligation of DSBs by activating various 

downstream components of NHEJ (Goodarzi and Jeggo, 2013, Goldstein 

and Kastan, 2015). NU-7441 has been regularly used in pre-clinical studies 

as a highly potent and selective DNA-PK inhibitor (Davidson et al., 2013). 

Using our GFP-based reporter assays we confirmed that DNA-PK inhibition 

by NU-7441 blocks classical NHEJ (see Figure 4.5E in chapter-4 on page 

174). Therefore, we examined next the effects of combined DNA-PK 

inhibition and hMOB2 knockdown. 24 h after siRNA transfection (Figure 

5.5A) cells were treated with the DNA-PK inhibitor NU-7441 for 4 h. 

Interestingly, DNA-PK inhibition decreased the survival of hMOB2-deficient 

cells compared to controls (Figure 5.5B-C). This suggests that the observed 

increased in NHEJ activity upon hMOB2 depletion is likely to at least in part 

compensate for the decreased HRR activity in hMOB2-depleted cells.  
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Figure 5.5 

hMOB2-depleted cells display reduced survival upon DNA-PK inhibition.   

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL) in 

response to DMSO or DNA-PK inhibitor (NU-7441, 1 μM or 10 μM) treatment (4 h). 

Quantifications are shown as a percentage of colonies formed after treatment with 

indicated doses (log scale, n=4). Results were corrected according to plating 

efficiencies of the corresponding untreated controls. p-values are: 1 μM=0.021. 

Results are presented as mean of replicates and error bars as mean ± standard 

error of mean (SEM), statistical significance was calculated using the one-tailed 

unpaired Student's t-test. (C) Representative images of the clonogenic survival 

assays. 

hMOB2 knockdown increases the radiosensitivity of NHEJ-deficient 

cells. Given that NHEJ inactivation through DNA-PK inhibition reduced the 

survival of hMOB2-knockdown cells (Figure 5.5B-C), we next tested whether 
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the radiosensitivity of NHEJ-inhibited cells was elevated upon hMOB2 

depletion. To do so, 24 h post-siRNA transfection (Figure 5.6A) cells were 

first pre-treated with the DNA-PK inhibitor NU-7441 for 1 h prior to IR that 

was followed by additional 16 h-incubation with NU-7441, as already defined 

in Zhao et al. (2006). Considerably, hMOB2 deficiency significantly 

potentiated the radiosensitivity of NHEJ-inhibited cells (Figure 5.6B-C). This 

finding highlights that the hMOB2- and DNA-PK-regulated pathways can 

display a synthetic lethal interaction upon exposure to radiation, which is 

likely a consequence of the elevated dependency of NHEJ-deficient cells on 

HRR upon exposure to higher levels of DNA damage.         

 

Figure 5.6 

hMOB2 deficiency elevates radiosensitivity of DNA-PK-inhibited cells.           

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL). 
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After 24 h of transfection, cells were pre-treated with DMSO or 1 μM DNA-PK 

inhibitor (NU-7441) for 1 h and then treated with indicated doses of ionising radiation 

(IR) followed by 16 h-incubation with DMSO or NU-7441 (1 μM). Quantifications are 

shown as a percentage (in log scale) of colonies formed after treatment with 

indicated doses (n=3). Results were corrected according to plating efficiencies of the 

corresponding untreated controls. p-values are: 1 Gy, MOB2=0.004, MOB2/DNA-

PKi=0.029; 2 Gy, MOB2=0.005, MOB2/DNA-PKi =0.022. Results are presented as 

mean of replicates and error bars as mean ± standard error of mean (SEM), 

statistical significance was calculated using the one-tailed unpaired Student's t-test. 

(C) Representative images of the clonogenic survival assays. 

hMOB2 knockdown neither sensitises nor radiosensitises cells to ATM 

inhibition. Next, we employed the ATM inhibitor KU-55933 (Veuger and 

Curtin, 2014) to assess whether ATM inhibition may show a synthetic lethal 

interaction with hMOB2 knockdown. Importantly, ATM inhibition sensitises 

cells to mitomycin C and compromises HRR efficiency (Kirshner et al., 2009), 

as observed in hMOB2-depleted cells (Figure 5.1 and see Figure 4.4 in 

chpater-4 on page 173). 24 h after siRNA transfection (Figure 5.7A) cells 

were treated with the ATM inhibitor KU-55933 for 4 h. Not surprisingly, ATM 

inhibition did not sensitise hMOB2-deficient cells (Figure 5.7B-C). This 

confirmed our previous notions that hMOB2 and ATM act in the same 

pathway in repairing spontaneous DNA lesions. Notably, the FA pathway-

deficient tumour cells are very sensitive to ATM inhibition (Kennedy et al., 

2007), like we observed upon co-depletion of hMOB2 and FANCD2 (Figure 

5.4), hence these data further strengthen our notion that hMOB2 functions 

together with ATM-regulated DNA repair, but independent of the FA pathway.  

Next, considering that ATM inhibition by KU-55933 can sensitise cells 

to radiotherapy (Weber and Ryan, 2015), we examined whether hMOB2 

knockdown might enhance the radiosensitivity to ATM inhibition. However, 

although we could confirm the reported radiosensitising effect of KU-55933 

(Weber and Ryan, 2015), co-inactivation of hMOB2 and ATM did not show 

any additional impact on the cell survival upon IR treatment (see Figure S5.3 

in the Supplementary section, page 225). In summary, these data indicate 

that hMOB2 depletion does not render cells more vulnerable to ATM 

inhibition, which presumably is a consequence of both hMOB2 and ATM 

acting in the same DDR pathway.   
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Figure 5.7 

ATM inhibition does not alter the survival of hMOB2-knockdown cells.   

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL) in 

response to DMSO or ATM inhibitor (KU-55933, 1 μM) treatment (4 h). 

Quantifications are shown as a percentage of colonies formed after treatment with 

indicated doses (log scale, n=4). Results were corrected according to plating 

efficiencies of the corresponding untreated controls. Results are presented as mean 

of replicates and error bars as mean ± standard error of mean (SEM), statistical 

significance was calculated using the one-tailed unpaired Student's t-test. (C) 

Representative images of the clonogenic survival assays. 

hMOB2-deficient cells display increased sensitivity to PARP inhibition. 

So far, we found that hMOB2 deficiency impairs HRR (see Figure 4.4 in 

chapter-4 on page 173) and therefore sensitises cells to ICL-inducing agents 

mitomycin C and cisplatin (Figures 5.1 and 5.2). Moreover, our experiments 

revealed a synthetic lethal interaction between the hMOB2- and FANCD2 or 

NHEJ-regulated pathways (Figures 5.4 and 5.5). Several lines of evidence 
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strongly suggest that cancer cells with HRR deficiency (e.g. through 

BRCA1/2 inactivation) show a significant hypersensitivity to PARP inhibition 

(Bryant et al., 2005, Farmer et al., 2005, Wang et al., 2016, Lord and 

Ashworth, 2016). Two types of PARP inhibition have been reported so far. 

First, PARP inhibition can impair SSB repair that is normally mediated by 

BER (base excision repair), leading to DSBs once replication forks are 

stalled and collapsed during DNA replication (Bryant et al., 2005, Farmer et 

al., 2005). Second, PARP inhibitors can trap PARP protein on DNA, 

ultimately causing DSBs (Murai et al., 2012). In this project we used three 

different PARP inhibitors: olaparib (AZD-2281, AstraZenaca), rucaparib (AG-

014699, Clovic Oncology), and veliparib (ABT-888, AbbVie). It is worth to 

note that veliparib introduces less PARP-trapping compared to olaparib and 

rucaparib (Walsh and Hodeib, 2016, Benafif and Hall, 2015).    

We hypothesised that hMOB2 depletion could sensitise cancer cells to 

these PARP inhibitors. Initially, we used olaparib, the first approved PARP 

inhibitor used in the clinic to treat patients with advanced and BRCA1 or 

BRCA2 mutant ovarian cancer (Wang et al., 2016). 24 h after siRNA 

transfection (Figure 5.8A), U2OS cells were treated with olaparib for 24 h in 

order to provide sufficient time for (i) the accumulation of PARP-inhibition-

dependent SSBs and (ii) the conversion of SSBs into replication-associated 

DSBs. Remarkably, hMOB2 deficiency rendered U2OS cells highly sensitive 

to PARP inhibition (Figure 5.8B-C). This revealed that hMOB2- and PARP-

regulated pathways can display a synthetic lethal interaction. Most likely, the 

HRR deficiency caused by hMOB2 knockdown renders cells more sensitive 

to PARP inhibition, as already observed for the other major regulators of 

HRR such as BRCA1/2 (Bryant et al., 2005, Farmer et al., 2005), MRE11 

(Vilar et al., 2011), RAD50 (Zhang et al., 2016), and ATM (Gilardini Montani 

et al., 2013). 
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Figure 5.8 

hMOB2-depleted cells show increased sensitivity to PARP inhibition by 

olaparib.                       

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL) in 

response to DMSO or olaparib (AZD-2281, 1 μM or 10 μM) treatment (24 h). 

Quantifications are shown as a percentage (in log scale) of colonies formed after 

treatment with indicated doses (n=3). Results were corrected according to plating 

efficiencies of the corresponding untreated controls. p-values are: 1 μM=0.008, 10 

μM=0.003. Results are presented as mean of replicates and error bars as mean ± 

standard error of mean (SEM), statistical significance was calculated using the one-

tailed unpaired Student's t-test. (C) Representative images of the clonogenic 

survival assays. 

To consolidate our findings with U2OS cells (Figure 5.8), we studied 

additional human cancer cell lines. This revealed that siRNA-mediated 

depletion of hMOB2 also sensitised HCT116 colorectal cancer cells and 
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HOC7 ovarian cancer cells to olaparib (Figure 5.9). Next, we further 

extended our analysis by employing the PARP inhibitors rucaparib and 

veliparib. As observed with olaparib (Figure 5.8), treatments with rucaparib or 

veliparib also diminished the survival of hMOB2-depleted U2OS cells (Figure 

5.10).  

 

Figure 5.9 

PARP inhibition causes a significant reduction in the survival of the hMOB2-

depleted human colorectal and ovarian cancer cells.                  

(A) Immunoblotting with indicated antibodies of HCT116 cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

HCT116 cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL) 

in response to DMSO or olaparib (AZD-2281, 1 μM or 10 μM) treatment (24 h). 

Quantifications are shown as a percentage (in log scale) of colonies formed after 

treatment with indicated doses (n=4). Results were corrected according to plating 

efficiencies of the corresponding untreated controls. p-values are: 10 μM=0.004. (C) 
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Immunoblotting of HOC7 cell lysates as explained in A. (D) Clonogenic survival of 

HOC7 cells as explained in B (n=3). p-values are: 1 μM=0.04, 10 μM=0.004. All 

results are presented as mean of replicates and error bars as mean ± standard error 

of mean (SEM), statistical significance was calculated using the one-tailed unpaired 

Student's t-test. 

 

Figure 5.10 

hMOB2-depleted cells show elevated sensitivities to the PARP inhibitors 

rucaparib and veliparib.                     

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL) in 

response to DMSO or rucaparib (AG-014699, 1 μM or 10 μM) treatment (24 h). 

Quantifications are shown as a percentage (in log scale) of colonies formed after 

treatment with indicated doses (n=3). Results were corrected according to plating 

efficiencies of the corresponding untreated controls. p-values are: 1 μM=0.01. (C) 

Immunoblotting of U2OS cell lysates as explained in A. (D) Clonogenic survival of 

U2OS cells treated with DMSO or veliparib (ABT-888) as explained in B (n=3). p-

values are: 1 μM=0.017, 10 μM=0.008. All results are presented as mean of 
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replicates and error bars as mean ± standard error of mean (SEM), statistical 

significance was calculated using the one-tailed unpaired Student's t-test. 

Moreover, we analysed the expression levels of hMOB2 in a panel of 

human ovarian cancer cell lines and selected the cell lines with lowest and 

highest hMOB2 expression accompanied by wild-type BRCA1/2 for further 

analysis (Figure 5.11A-B). The aim was to test whether there is a correlation 

between endogenous hMOB2 expression and PARP inhibitor sensitivity 

without any RNAi manipulations. We determined that the highest and the 

lowest expression levels of hMOB2 protein were detected in HOC7 and 

Ovca429 cells, respectively (Figure 5.11A, lanes 1 and 8, and Figure 5.11B). 

Noteworthy, both cell lines are BRCA1/2 wild-type (Stordal et al., 2013), 

hence any difference between HOC7 and Ovca429 cells cannot be attributed 

to defective BRCA1/2. Consequently, we analysed the sensitivities of these 

cell lines to olaparib without any siRNA-manipulations. As shown in Figure 

5.11C-D, sensitivity to olaparib was associated with hMOB2 protein levels in 

these two BRCA1/2 wild-type ovarian cancer cell lines. Collectively, these 

results strongly support our notion that decreased hMOB2 levels significantly 

decrease cancer cell survival in response to olaparib treatment. 
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Figure 5.11 

The levels of hMOB2 protein correlate with the survival of ovarian cancer cells 

upon PARP inhibition.                                

(A) A panel of ovarian cancer cells were processed for immunoblotting with 

indicated antibodies. (B) Histogram showing relative MOB2 protein levels of 

Ovca429 and HOC7 cells, obtained from densitometry quantification of Western 

blots shown in A. HOC7 was normalized to Ovca429 that was set to 1 (n=2) (C) 

Clonogenic survival of HOC7 and Ovca429 cells treated with DMSO or olaparib 

(AZD-2281, 1 µM or 10 µM) for 24 h. Quantifications are shown as a percentage (in 

log scale) of colonies formed after treatment with indicated doses (n=3). Results 

were corrected according to plating efficiencies of the corresponding untreated 

controls. p-values are: 1 µM= 1.3E-03, 10 µM=0.03. Results are presented as mean 

of replicates and error bars as mean ± standard error of mean (SEM), statistical 

significance was calculated using the one-tailed unpaired Student's t-test. (D) 

Representative images of the clonogenic survival assays. 

Ectopic expression of RNAi-resistant hMOB2 abolishes the olaparib-

sensitivity of hMOB2-depleted cells. To further confirm that reduced levels 

of hMOB2 sensitises cancer cells to PARP inhibition, we conducted a 

phenotype RNAi rescue experiment. To do so, U2OS cells were stably 

transfected with an empty retroviral expression plasmid or a plasmid 
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encoding wild-type HA-hMOB2. Since Lys131 of MOB2 is to date the one 

and only known post-translational modification site of MOB2 (Wagner et al., 

2012), we also generated cells stably expressing the HA-hMOB2 (K131R) 

mutant in order to decipher whether Lys131 of hMOB2 has a functional role. 

Next, we transiently reduced endogenous hMOB2 levels by an siRNA 

targeting the 3’UTR of hMOB2 (siMOB2#6, see section 2.1.7, page 91) in 

U2OS cells stably expressing exogenous RNAi-resistant hMOB2 wild-type or 

K131R variants (Figure 5.12A). 24 h post-siRNA transfection, cells were 

treated with olaparib for 24 h, as conducted previously (please see Figure 

5.8). As expected, hMOB2 depletion in cells with empty vector expression 

decreased cell survival (Figure 5.12B) as observed in uninfected U2OS cells 

(Figure 5.8). In contrast, expression of exogenous RNAi-resistant hMOB2 

(wt) in hMOB2-depleted cells restored cell survival upon olaparib treatment to 

levels observed in controls (Figure 5.12C). hMOB2 knockdown cells with 

expression of exogenous RNAi-resistant hMOB2 (K131R) also displayed cell 

survival levels that are comparable to controls (Figure 5.12D). Taken 

together, these RNAi rescue experiments establish that the decrease of 

hMOB2 protein levels is the cause of the observed olaparib sensitivity in our 

settings.  
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Figure 5.12 

hMOB2 supports cell survival in response to PARP inhibition.              

(A) U2OS cells stably expressing empty vector (EV), wild-type MOB2 (WT) or 

mutant MOB2 (K131R) were transiently transfected with indicated siRNAs (siCTL, 

siMOB2#6) and harvested 24 h later for immunoblotting. Expression of exogenous 

hMOB2 was assessed by both anti-HA and anti-hMOB2 antibodies. (B, C, D) 

Clonogenic survival of U2OS cells stably expressing empty vector (EV), wild-type 

MOB2 (WT) or mutant MOB2 (K131R) upon hMOB2 knockdown (siMOB2#6) 

compared with controls (siCTL). After 24 h of transfection, cells were treated with 

DMSO or olaparib (AZD-2281, 1 μM) for 24 h. Quantifications are shown as a 

percentage of colonies formed after treatment with indicated doses (log scale, n=3). 

Results were corrected according to plating efficiencies of the corresponding 

untreated controls. p-value is: (EV) 1 µM, MOB2= 0.018. All results are presented 

as mean of replicates and error bars as mean ± standard error of mean (SEM), 

statistical significance was calculated using the one-tailed unpaired Student's t-test. 
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hMOB2 deficiency promotes radiosensitivity of PARP-inhibited cells. 

Our findings documented above suggest that hMOB2 knockdown is sufficient 

to render human cancer cells sensitive to PARP inhibitors. This prompted us 

to investigate further whether hMOB2 depletion can radiosensitise cancer 

cells upon olaparib treatment. In this regard, 24 h after siRNA transfection 

(Figure 5.13A), U2OS cells were initially pre-treated with olaparib for 1h 

before IR treatment that was followed by an additional 23 h incubation with 

olaparib. This experiment revealed that hMOB2 depletion combined with 

PARP inhibition markedly elevated the cytotoxicity of IR treatment (Figure 

5.13B). Collectively, this final data set indicates that reduced hMOB2 levels 

can help to significantly radiosensitise human cancer cells when combined 

with PARP inhibition.         

 

Figure 5.13 

hMOB2 knockdown promotes radiosensitivity of PARP-inhibited cells.             

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL). 

After 24 h of transfection, cells were pre-treated with DMSO or olaparib (AZD-2281, 

1 μM) for 1 h and then treated with indicated doses of ionising radiation (IR) followed 

by 23 h-incubation with DMSO or olaparib (AZD-2281, 1 μM). Quantifications are 

shown as a percentage (in log scale) of colonies formed after treatment with 

indicated doses (n=3). Results were corrected according to plating efficiencies of the 

corresponding untreated controls. p-values are: 0Gy, MOB2/PARPi=0.017; 1 Gy, 

MOB2=0.007, MOB2/PARPi=0.007; 2 Gy, MOB2=0.035. Results are presented as 

mean of replicates and error bars as mean ± standard error of mean (SEM), 

statistical significance was calculated using the one-tailed unpaired Student's t-test.   
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5.4 Discussion 

Here we report data suggesting that HRR inactivation through hMOB2 

depletion can significantly sensitise human cancer cells to ICL-inducing 

agents, radiation, doxorubicin, NHEJ inhibition and PARP inhibition. Most 

importantly, we found that the stratification of hMOB2 levels may offer a 

promising therapeutic benefit to specifically predict cellular response to 

PARP inhibitor treatments in the future. 

Human cells are equipped to deal with ICL formations in the absence 

or presence of active DNA replication, where the latter is more deleterious to 

cells as repair of ICLs in S-phase generates toxic DSBs. Upon ICL 

recognition, ICL repair mechanisms, DDR signalling, and cell cycle 

checkpoints are triggered (Deans and West, 2011, Williams et al., 2013). We 

found that depletion of hMOB2 significantly sensitises human cancer cells to 

mitomycin C and cisplatin (Figures 5.1 and 5.2), two widely used ICL-

generating chemotherapy drugs in the clinic. Considering that hMOB2-

deficient cells have defective G1/S cell checkpoint activation upon DNA 

damage exposure (see Figure 3.7 in chapter-3 on page 144), it is possible 

that the majority of hMOB2-depleted cells treated with mitomycin C or 

cisplatin progress into S-phase and thereby promote the conversion of ICL 

lesions into replication-associated DSBs that are generally repaired by HRR 

(Deans and West, 2011, Kim and D'Andrea, 2012). This may help to explain 

why hMOB2-deficient cells display significantly enhanced sensitivity to 

mitomycin C or cisplatin (Figures 5.1 and 5.2).  

In general, cells with HRR deficiency due to loss of essential HRR 

proteins such as BRCA2 or RAD51 are known to be highly sensitive to ICL-

forming drugs (Moynahan et al., 2001, Kraakman-van der Zwet et al., 2002), 

as reported here upon hMOB2 knockdown. This notion is further supported 

by our finding indicating that hMOB2 is dispensable for NHEJ (see Figure 4.5 

in chapter-4 on page 174) since NHEJ-deficient cells are not sensitive to ICL-

inducing agents (Pace et al., 2010). Our theory that hMOB2-knockdown cells 

are HRR defective and hence are limited in DSB repair is further supported 

by the moderate sensitivity of hMOB2-deficient cells to IR (see Figure S5.1 in 

the Supplementary section, page 223), since IR typically induces direct DSBs 
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compared to ICL-forming agents (Helleday et al., 2008). NHEJ is the most 

dominant DSB repair mechanism, while the HRR pathway is actively 

employed to deal with more complex replication-associated DSBs in 

collaboration with other repair pathways (Helleday et al., 2008).  

Notably, we also observed that hMOB2-depleted cells are sensitive to 

the topoisomerase II inhibitor doxorubicin, but not to etoposide or 

camptothecin (see Figure S5.2 in the Supplementary section, page 224). 

Topoisomerase I inhibitors such as camptothecin mostly induce SSBs and 

replication-associated DSBs (Wang, 2002, Helleday et al., 2008). However, 

since PARP1-deficient cells are hypersensitive to topoisomerase I inhibitors, 

it is most likely that the initial repair of camptothecin-induced DNA lesions is 

performed by the PARP-mediated BER pathway (Benafif and Hall, 2015). 

Therefore, it is not suprising that upon acute (1h) camptothecin treatment 

hMOB2-depleted cells survive normally (see Figure S5.2A-B in the 

Supplementary section, page 224). Nevertheless, we cannot exclude that 

hMOB2 deficiency may render cells sensitive to prolonged exposure to 

camptothecin that can cause replication fork collapse, and subsequently 

replication-associated DSBs (Pommier, 2006). In contrast to topoisomerase I 

inhibitors, topoisomerase II inhibitors such as doxorubicin or etoposide 

typically induce DSBs without any need for active DNA replication (Wang, 

2002, Helleday et al., 2008). However, in contrast to etoposide, doxorubicin 

does not only block topoisomerase II activity but also causes other DNA 

lesions through DNA intercalation and ROS generation (Capranico et al., 

1990, Pommier et al., 1991). Thus, it is not surprising that doxorubicin-

induced DNA lesions are repaired slower than etoposide-induced DNA 

damage, suggesting that DSBs induced by doxorubicin are more cytotoxic 

than those induced by etoposide, since doxorubicin-induced DSBs most 

likely require intact HRR and NHEJ for repair (Schonn et al., 2011). In this 

regard, NHEJ restores DSBs faster than HRR and NHEJ routinely repairs the 

majority of DSBs (Iliakis et al., 1991, Goodarzi and Jeggo, 2013, Shibata et 

al., 2011), with the inhibition of DNA-PK-mediated NHEJ enhancing the 

cytotoxic effects of etoposide treatment in cancer cells (Zhao et al., 2006). 

Thus,  etoposide-induced DSBs are very likely to be primarily corrected by 
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the NHEJ mechanism, which is not effected upon hMOB2 depletion (see 

Figure 4.5 in chapter-4 on page 174). Consequently, hMOB2-depleted cells 

are moderately sensitive to doxorubicin (see Figure S5.2C-D in the 

Supplementary section, page 224), but display not increased sensitivity to 

etoposide (see Figure S5.2E-F in the Supplementary section, page 224). A 

significant portion of DNA lesions induced by doxorubicin are very unlikely to 

be repaired in hMOB2-deficient cells, since HRR is predominantly employed 

to deal with doxorubicin-induced DNA damage (Spencer et al., 2008, Hawtin 

et al., 2010), and hMOB2-depleted cells are HRR-deficient (see Figure 4.4 in 

chapter-4 on page 173), hence hMOB2 knockdown cells struggle to tolerate 

doxorubicin-induced DNA damage. 

Compared to the DNA-damaging treatments mentioned above, 

hMOB2-deficient cells exhibited higher sensitivity to ICL-inducing drugs 

(Figures 5.1 and 5.2). The FA pathway is specifically significant in replication-

dependent ICL repair, therefore FA-deficient cells show hypersensitivity to 

ICL-forming drugs (Williams et al., 2013, Clauson et al., 2013). In this regard, 

after ICL recognition, unhooking of the ICL adduct is required for the 

remaining repair processing of DNA lesions by other DNA repair pathways 

such as HRR (Williams et al., 2013, Clauson et al., 2013). The data 

presented in Figure 5.3 show that hMOB2 deficiency does not affect the 

unhooking process of ICL-formations, since hMOB2-proficient and -deficient 

cells have comparable unhooking kinetics. Additionally, co-depletion of 

hMOB2 and FANCD2 reveals significantly higher cytotoxicity upon mitomycin 

C treatment compared to single depletion of each component (Figure 5.4). 

Notably, this synthetic lethal interaction between hMOB2- and FANCD2-

regulated pathways was also observed upon co-depletion of hMOB2 and 

FANCD2 without any exogenous DNA damage (Figure 5.4B). These data 

collectively show that hMOB2 functions in ICL repair independent of the FA 

pathway, with hMOB2 most likely contributing to the repair of ICL-induced 

lesions by supporting HRR-mediated repair of replication-associated DSBs 

that form after ICL unhooking in S-phase (Deans and West, 2011, Williams et 

al., 2013, Kim and D'Andrea, 2012). However, in this regard, one should note 

that hMOB2 may contribute to ICL repair on an additional level. Yata et al. 
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(2014) recently showed that Ser14 phosphorylation of RAD51 stimulates the 

restart of DNA replication once the blockage is removed (Yata et al., 2014). 

Considering that hMOB2 supports Ser14 phosphorylation of RAD51 (see 

Figure 4.8 in chapter-4 on page 180), we are therefore tempted to speculate 

that once the ICL-adduct is detached from the replication fork by the FA 

pathway, hMOB2-deficient cells may then fail to promote the restart of DNA 

replication.  

The synthetic lethality observed between hMOB2 and FANCD2 

inspired us to test whether hMOB2 knockdown confers synthetic lethal 

interactions with other DDR pathways. This revealed that hMOB2-depleted 

cells are sensitive to NHEJ inhibition in the absence of exogenous DNA 

damage (Figure 5.5), suggesting that hMOB2-knockdown cells with deficient 

HRR can partly rely on NHEJ as a compensatory pathway to repair 

spontaneously induced DSBs. Moreover, increased cytotoxic radiosensitivity 

was observed when NHEJ is inhibited in hMOB2-knockdown cells (Figure 

5.6). This revealed that hMOB2-depleted cells with defective HRR are 

hyperdependent on NHEJ upon exposure to intensive DNA damage.   

In general, human cancer cells with HRR deficiency display 

remarkable hypersensitivity to PARP inhibition (Bryant et al., 2005, Farmer et 

al., 2005, Wang et al., 2016, Lord and Ashworth, 2016). Bryant and Helleday 

(2006) proposed already a decade ago that upon PARP inhibition cells 

accumulate unrepaired spontaneous SSBs, which are converted to DSBs 

during DNA replication owing to collapsed replication forks (Bryant and 

Helleday, 2006). Thus, PARP-inhibited cells rely on functional HRR to repair 

replication-associated DSBs in order to prevent the accumulation of 

unrepaired lethal DSBs (Veuger and Curtin, 2014, Helleday, 2010, Lord and 

Ashworth, 2016). In this regard, we discovered that hMOB2 deficiency 

significantly renders human cancer cells highly sensitive to the PARP 

inhibitors olaparib, rucaparib, and veliparib (Figures 5.8, 5.9, 5.10, and 5.12). 

Furthermore, hMOB2 protein levels seem to be negatively correlated with 

PARP inhibitor sensitivity in human ovarian cancer cell lines without any 

manipulations of endogenous hMOB2 (Figure 5.11). Considerably, hMOB2 

knockdown also significantly increased the radiosensitivity of PARP-inhibited 
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cells (Figure 5.13). Taken together, our data presented in Figures 5.8 to 5.13 

strongly suggest that hMOB2 protein levels can be of help to predict 

treatment responses to PARP inhibition.  

It is noteworthy that hMOB2 knockdown impaired Ser14 

phosphorylation of RAD51 (see Figure 4.8 in chapter-4 on page 180), which 

can help to explain the PARP-sensitivity of hMOB2-depleted cells. More 

specifically, Esashi and colleagues found that PLK1-dependent Ser14 

phosphorylation of RAD51 promotes resistance to PARP inhibition by 

olaparib (Yata et al., 2012). In line with this report, Bartek and his team have 

recently identified TOPBP1 (topoisomerase IIb-binding protein 1) as a key 

determinant of PARP inhibitor sensitivity, with TOPBP1 directly interacting 

with PLK1 to promote PLK1-dependent Ser14 phosphorylation of RAD51 for 

RAD51 loading onto ssDNA (Moudry et al., 2016). However, additional 

investigations are now required to decipher how hMOB2 supports HRR to 

determine PARP inhibitor sensitivity through molecular processes involving 

PLK1-mediated Ser14 phosphorylation of RAD51.  

In this regard, we cannot exclude the possibility that other aspects of 

the functions of hMOB2 may participate in HRR and PARP sensitivity, in 

addition to the regulation of RAD51 phosphorylation and loading. For 

example, we found that hMOB2 directly interacts with RAD50, a key 

component of the MRN DNA damage sensor complex (Rupnik et al., 2010), 

and can regulate MRN recruitment towards damaged chromatin (see Figures 

4.1 and 4.2 in chapter-4 on pages 166 and 168). In this respect, MRN 

inactivation can render human breast cancer cells more sensitive to PARP 

inhibition (Oplustilova et al., 2012). Furthermore, a recent study showed that 

loss of RAD50 (either via RNAi or copy number deletion) significantly 

enhances PARP inhibitor-sensitivity of human ovarian cancer cells with wild-

type BRCA1/2 (Zhang et al., 2016), thereby indicating RAD50 as a predictive 

biomarker for a BRCAness phenotype and PARP inhibitor sensitivity. 

Consequently, the observed link between hMOB2 and RAD50 may be of 

functional relevance to understand how hMOB2 knockdown renders cancer 

cells hypersensitive to PARP inhibition. 
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We also discovered that hMOB2 depletion impairs ATM-mediated 

DDR signalling and recruitment of activated ATM onto damaged DNA (see 

Figures 4.2 and 4.3 in chapter-4 on pages 168 and 170). Intriguingly, ATM-

deficient breast cancer cells are highly sensitive to olaparib (Gilardini Montani 

et al., 2013), and the olaparib-sensitivity of human gastric cancer cells 

negatively correlates with ATM protein levels (Kubota et al., 2014). 

Therefore, in addition to the role of hMOB2 in supporting RAD51 

phosphorylation and loading, one also has to consider other possibilities to 

fully understand the hypersensitivity of hMOB2-depleted cells to PARP 

inhibitors. These possibilities include links between hMOB2, the MRN 

complex and the central DDR kinase ATM. 
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5.5 Supplementary information  

 

Figure S5.1 

hMOB2 promotes cell survival response to IR-induced DNA damage.   

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2) compared with controls (siCTL) in 

response to ionising radiation (IR). Quantifications are shown as a percentage of 

colonies formed after treatment with indicated doses (n=4). Results were corrected 

according to plating efficiencies of the corresponding untreated controls. p-values 

are: 1 Gy = 0.039, 2 Gy = 0.005, 3 Gy = 0.035. Results are presented as mean of 

replicates and error bars as mean ± standard error of mean (SEM), statistical 

significance was calculated using the one-tailed unpaired Student's t-test. 
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Figure S5.2 

hMOB2 deficiency shows different cellular response against DNA-damaging 

topoisomerase inhibitors.                              

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL) in 

response to DMSO or camptothecin treatment (1 h). Quantifications are shown as a 

percentage (in log scale) of colonies formed after treatment with indicated doses 

(n=3). Results were corrected according to plating efficiencies of the corresponding 

untreated controls. (C) Immunoblotting of U2OS cell lysates as explained in A. (D) 

Clonogenic survival of U2OS cells treated with or without doxorubicin as explained 

in B (n=4). p-values are: 50 nM=0.037, 100 nM=0.018, 250 nM=0.029, 500 

nM=0.231. (E) Immunoblotting of U2OS cell lysates as explained in B. (F) 

Clonogenic survival of U2OS cells treated with DMSO or etoposide as explained in 

B (n=3). All results are presented as mean of replicates and error bars as mean ± 

standard error of mean (SEM), statistical significance was calculated using the one-

tailed unpaired Student's t-test.   
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Figure S5.3 

hMOB2 knockdown does not enhance radiosensitivity of ATM-inhibited cells 

(in support of Figure 5.7).                               

(A) Immunoblotting with indicated antibodies of U2OS cell lysates from cells 

transiently transfected for 24 h with indicated siRNAs. (B) Clonogenic survival of 

U2OS cells upon hMOB2 knockdown (siMOB2#4) compared with controls (siCTL). 

After 24 h of transfection, cells were pre-treated with DMSO or 1 μM ATM inhibitor 

(KU-55933) followed by ionising radiation (IR, 2 Gy) treatment. Quantifications are 

shown as a percentage of colonies formed after treatment with indicated doses 

(n=3). Results were corrected according to plating efficiencies of the corresponding 

untreated controls. p-values are: 2 Gy, MOB2=0.003, MOB2/ATMi=0.006. Results 

are presented as mean of replicates and error bars as mean ± standard error of 

mean (SEM), statistical significance was calculated using the one-tailed unpaired 

Student's t-test.   
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Chapter 6 Final conclusions  

The DNA damage response (DDR) is essential to maintain genomic integrity, 

and thereby to prevent tumorigenesis (Ciccia and Elledge, 2010). Upon 

inefficient DDR, persistence of unrepaired DNA damage can prompt cells to 

accumulate mutations that induce cell death, senescence, or cancer, with the 

gradual accumulation of double-strand breaks (DSBs) being primarily 

cytotoxic (Lindahl and Barnes, 2000, Khanna and Jackson, 2001, Vilenchik 

and Knudson, 2003). It is estimated that thousands of single-strand breaks 

(SSBs) and nearly 50 DSBs are generated endogenously per cell per day 

(Vilenchik and Knudson, 2003). As an essential DSB sensor, the MRN 

complex binds to and thereby stabilises broken DSB ends, and also 

stimulates the ATM signalling to control cell cycle checkpoints and DSB 

repair pathways (Rupnik et al., 2010, Shiloh and Ziv, 2013, Stracker et al., 

2013, Lee and Paull, 2004, Lee and Paull, 2005a).  

Homologous recombination repair (HRR) and non-homologous end 

joining (NHEJ) are the two main DSB repair pathways (Ciccia and Elledge, 

2010, Jasin and Rothstein, 2013, Goodarzi and Jeggo, 2013). Specifically, 

HRR is employed during late S and G2 phases of the cell cycle using sister 

chromatids in order to repair damaged chromatin (Krejci et al., 2012, Jasin 

and Rothstein, 2013) while NHEJ functions throughout all cycle stages 

(Goodarzi and Jeggo, 2013). Cancer cells rely on a variety of non-oncogenic 

compensatory DDR pathways to ensure their survival (Ciccia and Elledge, 

2010, Helleday et al., 2008, Helleday, 2010, Lord et al., 2015). In this regard, 

the concept of synthetic lethality is the targeting of non-oncogenic 

compensatory DDR pathways to achieve more selective and efficient cancer 

treatments (Lord et al., 2015, Veuger and Curtin, 2014). For example, poly 

(ADP-ribose) polymerase (PARP) inhibitors can inactivate SSB repair that is 

mainly mediated by PARP-dependent base excision repair (BER). 

Consequently, PARP inhibitions causes the accumulation of SSBs and 

ultimately the conversion of SSBs into DSBs in replicating cells (Ciccia and 

Elledge, 2010, Lord et al., 2015, Lord and Ashworth, 2016, Jackson and 

Helleday, 2016). HRR-proficient cells can repair such replication-associated 
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DSBs, while HRR-deficient cells fail to deal with DSBs, and therefore PARP 

inhibitors can selectively eliminate HRR-deficient cancer cells (Bryant et al., 

2005, Farmer et al., 2005, Wang et al., 2016, Lord et al., 2015, Lord and 

Ashworth, 2016).  

Significantly, a number of PARP inhibitors have been developed and 

are currently under clinical investigation for cancer treatment (Helleday et al., 

2008, Wang et al., 2016). More specifically, olaparib (Lynparza, 

AstraZeneca) is the first FDA-approved PARP inhibitor for treatment of 

ovarian cancer patients with BRCA1/2 mutations (Deeks, 2015, Wang et al., 

2016). Additional phase III clinical trials in breast, pancreatic and gastric 

cancer are currently being conducted with olaparib (Deeks, 2015, Wang et 

al., 2016). Notably, considering that HRR-deficient cells with wild-type 

BRCA1/2 are also reported to be sensitive to PARP inhibition (referred as a 

BRCAness phenotype) (Lord and Ashworth, 2016, Wang et al., 2016, Drew, 

2015), the discovery and characterisation of novel HRR regulators is 

important to improve the future stratification of cancer patients for the 

suitability of treatments with PARP inhibitors.     

Components of the Hippo pathway can function in collaboration with 

other signalling cascades in different cellular systems (Cottini et al., 2014, 

Levy et al., 2008, Strano and Blandino, 2007, Reuven et al., 2013). For 

instance, it has been showed that Hippo core components can play a major 

role in the induction of apoptosis upon DNA damage by stimulating the 

association of YAP with p73 (identified as a p53 family member). Through 

the activation of ATM-RASSF1A-MST2-LATS1 cascade, the YAP-p73 

interaction can promote the transcriptional activation of pro-apoptotic genes 

such as BAX and PUMA in response to DNA damage (Hamilton et al., 2009, 

Strano et al., 2001), highlighting the importance of RASSF1A-mediated 

apoptotic response of the Hippo pathway in response DNA damage. 

Furthermore, LATS2 is phosphorylated at Ser408 by the CHK1 kinase upon 

replication stress and the activated LATS2 phosphorylates a key p53 

regulator ASSP1 (apoptosis-stimulating protein of p53-1), causing ASSP1 

translocation to the nucleus. The active LATS2/ASSP1/p53 complex binds to 

chromatin and promotes the transcriptional regulation of key apoptotic genes 
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(Sullivan and Lu, 2007, Pefani and O'Neill, 2016). Chiyoda et al. (2012) 

reported the LATS1-mediated G2/M transition upon DNA damage-induced 

inactivation of the PLK1 kinase. In response to DSB induction, the activated 

ATM/RASSF1A/LATS1 complex leads to phosphorylation of MYPT1 (myosin 

phosphatase target subunit 1) phosphatase, which regulates PLK1-

dephosphorylation via PP1C (protein phosphatase 1 c). The 

dephosphorylated PLK1 kinase becomes inactivated and causes the G2/M 

checkpoint activation in order to restrict the mitotic entry upon DNA damage 

induction (Chiyoda et al., 2012). Additionally, Pefani et al. (2014) recently 

demonstrated that upon stalled fork progression, the ATR-RASSF1A-MST2-

LATS1 cascade controls CDK activity and BRCA2 phosphorylation, thereby 

stabilising RAD51 nucleoprotein filaments to support HRR, which 

demonstrated that the Hippo pathway plays an important role in the 

maintenance of genome stability (Pefani et al., 2014). Taken together, 

diverse Hippo components can function in cellular responses to maintain 

genome stability or to eliminate damaged cells from the cell pool (Pefani and 

O'Neill, 2016), hence studies into expanding our understanding of DDR-

related functions of Hippo members are warranted.   

We describe herein novel functions of hMOB2 that supports DDR and 

DSB repair by HRR as illustrated in Figure 6.1. In chapter-3, we demonstrate 

that in proliferating untransformed human cells hMOB2 is required (i) to 

prevent spontaneous accumulation of unrepaired DSBs and (ii) to activate 

the G1/S cell cycle checkpoint in response to exogenous DNA damage. In 

chapter-4, we show that hMOB2 (i) directly interacts with RAD50, (ii) 

supports MRN-ATM recruitment to damaged chromatin, (iii) ATM-mediated 

DDR signalling, and (iv) RAD51 phosphorylation and thereby RAD51-

mediated DSB repair by HRR. In chapter-5, we report that hMOB2 

significantly supports cancer cell survival in response to (i) ICL-inducing 

agents and (ii) PARP inhibitors in human cancer cells.  



 

229 

 

 

Figure 6.1 

The working model of regulation of DNA damage response and repair by 

hMOB2.                      

We showed that hMOB2 interacts with the MRN component RAD50 and hMOB2-

depletion impairs MRN recruitment to damaged DNA. The other MRN component 

NBS1 is reported to be significant in phospho-specific recruitment of RAD51 to 

resected ssDNA region, which initially depends on the PLK1-mediated RAD51 

phosphorylation at Ser14. We also found that hMOB2 depletion compromises 

RAD51 phosphorylation at Ser14, which overall may explain the impaired HRR in 

hMOB2-deficient cells since RAD51 phosphorylation and recruitment to 3` ssDNA 

tails is essential in DSB repair by HRR.  
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In a nutshell, we discovered that hMOB2 is required to support 

distinct, but interlinked, events regulating cell cycle progression, DDR 

signalling and DSB repair. In the absence of exogenous DNA damage 

inducers, hMOB2-deficient cells accumulate unrepaired spontaneous DSBs, 

which trigger a p53/p21-dependent G1/S cell cycle arrest. The initial elicitor is 

likely the distorted recruitment of MRN to damaged chromatin, which 

consequently can impair efficient DNA repair. However, the remaining 

chromatin-bound MRN seems to be sufficient to trigger DDR signalling for a 

transient G1/S cell cycle arrest without exogenously induced DNA damage, 

although upon prolonged exposure to such DNA damage the G1/S 

checkpoint is defective upon hMOB2 knockdown. In addition to impaired 

MRN functionality, we also discovered that compromised RAD51 

phosphorylation and RAD51 loading onto ssDNA can be observed in 

hMOB2-depleted cells. Thus, defective RAD51 functionality may also be a 

reason for the accumulation of unrepaired DSB in hMOB2-deficient cells. 

Therefore, more research is required to reveal the main source of DSB 

accumulation in untransformed human cells upon hMOB2 knockdown. A 

sheer volume of studies suggest that components of the HRR mechanism 

may also have a repair-independent regulatory function in nascent DNA 

protection during replication fork disruption (Schlacher et al., 2011). 

Considering that hMOB2 supports RAD51 recruitment to damaged chromatin 

and RAD51 is reported to have also repair-independent nascent DNA 

protection role in order to promote continues DNA synthesis (Schlacher et 

al., 2012, Hashimoto et al., 2010), hMOB2 may need to be investigated 

whether it promotes DNA end protection by supporting continues RAD51 

loading to stalled replication forks in order to prevent replication fork collapse, 

thereby DSB induction. A combination of immunofluorescence and the DNA 

fibre experiments employing short hydroxyurea treatments (Pefani et al., 

2014) that stalls replication fork progression would help us to understand the 

role of hMOB2 in the protection of nascent DNA. In summary, our findings 

suggest that hMOB2 knockdown triggers molecular alterations that allow the 
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accumulation of endogenous DNA damage, followed by a G1/S proliferation 

arrest. Therefore, future studies are warranted to decipher the initiation and 

progression of the accumulated DSBs in hMOB2-knockdown cells under 

normal physiological settings.  

Upon exposure to high levels of exogenously induced DNA damage 

hMOB2 is needed for the activation of the G1/S and G2/M cell cycle 

checkpoints and ATM-mediated DDR signalling. We report here a defective 

G1/S checkpoint in hMOB2-depleted cells upon exposure to high DNA 

damage levels (Gomez et al., 2015), and Cotta-Ramusino et al. (2011) 

showed that hMOB2-depleted cells may have impaired activation of the IR-

induced G2/M cell cycle checkpoint (Cotta-Ramusino et al., 2011). Most 

likely, these DDR cell cycle checkpoint defects and impaired ATM signalling 

are a consequence of impaired MRN functionality upon hMOB2 depletion, 

since hMOB2 is needed to support MRN functionality (Gomez et al., 2015) 

and MRN deficiencies can weaken the G1/S and G2/M cell cycle checkpoints 

(Rupnik et al., 2010, Stracker and Petrini, 2011, Williams et al., 2010). 

Moreover, hMOB2 is possibly also required for efficient ATM phosphorylation 

of other substrates, besides NBS1 and SMC1, since ATM has potentially 

more than 700 substrates (Shiloh and Ziv, 2013). Therefore, since MRN 

exists in diverse conformational and assembly states (Rupnik et al., 2010, 

Stracker and Petrini, 2011, Williams et al., 2010), future structural and 

biochemical studies are warranted to further dissect hMOB2 as facilitator of 

MRN recruitment to DNA damaged chromatin and as an adaptor for ATM 

substrates. Particular attention will be paid to dissecting the RAD50/hMOB2 

interaction in the context of our Y2H mapping data (Gomez et al., 2015) and 

the unique architecture of RAD50, which is essential to support 

MRE11/RAD50 binding to DNA via MRE11's DNA binding motifs and 

RAD50's ABC domains, while DNA break tethering is achieved through 

RAD50's zinc hook domain supported by RAD50's coiled-coil structure 

(Rupnik et al., 2010, Stracker and Petrini, 2011, Williams et al., 2010). 

We further discovered that hMOB2 depletion impairs phosphorylation 

of RAD51, which affected RAD51 loading onto ssDNA and ultimately DSB 

repair by RAD51-mediated HRR. Proteins such as BRCA2 and RAD51, 
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which are involved in the homology search and strand invasion/exchange 

steps of HRR, have been defined as the downstream regulators of HRR 

(Jasin and Rothstein, 2013). RAD51-mediated nucleofilament formation with 

ssDNA is an essential step of HRR (Jasin and Rothstein, 2013, Krejci et al., 

2012). Significantly, RAD51 gene disruption results in early embryonic 

lethality (Lim and Hasty, 1996, Tsuzuki et al., 1996), which is very likely due 

to compromised repair of replication-dependent DSBs in rapidly dividing 

embryonic cells, highlighting the indisputable importance of RAD51-regulated 

HRR for the repair of replication-associated DSBs. This notion is further 

supported by the observation that the sensitivity of HRR-deficient cells to 

ICL-inducing agents is mostly caused by replication-associated DSBs 

(Helleday et al., 2008, Helleday, 2010, Ciccia and Elledge, 2010). 

Collectively, impaired RAD51 function can cause genome instability, which 

highlights the importance of hMOB2 regarding PLK1-mediated RAD51 

phosphorylation and subsequent nucleoprotein stabilisation. 

PLK1 directly phosphorylates RAD51 at Ser14 site in a cell cycle and 

DNA damage dependent manner (Yata et al., 2012). The phosphorylation of 

RAD51 promotes RAD51 recruitment to damaged chromatin sites through its 

interaction with the FHA region of NBS1, which appears to be a crucial step 

for HRR (Yata et al., 2012) (Figure 6.1). We discovered that hMOB2 

deficiency impairs PLK1-mediated RAD51 phosphorylation at Ser14, which 

can help to explain why hMOB2-deficient cell display compromised RAD51 

loading onto ssDNA. However, future research is needed to reveal how 

hMOB2 supports PLK1-mediated RAD51 phosphorylation. In this regard, it 

was recently shown that CDK-elicited BRCA2 phosphorylation at Thr77 

stimulates PLK1 binding to BRCA2, which in turn catalyses RAD51 

phosphorylation at Ser14 (Yata et al., 2014). Therefore, it would be in 

particular interesting to test the status of Thr77 phosphorylation of BRCA2 in 

hMOB2-depleted cells.  

In addition, PLK1-dependent phosphorylation of NDR1 was recently 

revealed as a switch to regulate hMOB1 vs. hMOB2-binding to NDR1 in the 

context of spindle orientation during mitosis (Yan et al., 2015). We initially 

reported that hMOB2 may function as a DDR protein independently of the 
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NDR1/2 kinase (Gomez et al., 2015). However, since the NDR1/2 kinases 

were recently linked to different aspects of the DDR (Park et al., 2015, 

Enomoto et al., 2013) and compensatory mechanisms were reported upon 

NDR1 or NDR2 loss-of-functions (Schmitz-Rohmer et al., 2015, Cornils et al., 

2010), further research is warranted to dissect whether PLK1-regulated NDR 

signalling can contribute to DDR processes through hMOB2. 

Noteworthy, we consistently observed that total hMOB2 protein levels 

are gradually increased in hMOB2-proficient cells in response to DNA 

damage (for example see Figure 4.8 in chapter-4 on page 180). In addition, 

we also detected that hMOB2 migrated at slower mobility in SDS-PAGE gels 

in response to DNA damage (for example see Figure 4.8 in chapter-4 on 

page 180). Thus, we are tempted to speculate that hMOB2 is post-

translationally modified upon DNA damage, which may affect the half-life of 

hMOB2 proteins. Certainly, it will be important to understand the underlying 

mechanism(s) in order to fully understand the roles of hMOB2 in the 

management of cellular response to DNA damage. In this regard, we 

performed an online database search using Scansite (Obenauer et al., 2003) 

to identify possible post-translational modifications of hMOB2, in addition to 

the already described modification of Lys131 (Wagner et al., 2012). 

Significantly, this analysis predicts Ser139 and Thr61 of hMOB2 as potential 

phosphorylation sites by the ATM and PLK1 kinases, respectively. However, 

future research is now needed to decipher whether hMOB2 is subjected to 

any functionally relevant post-translational modification in response to DNA 

damage. We are confident that the RNAi rescue set up as developed in the 

context of olaparib sensitivity (please see Figure 5.12 in chapter-5 on page 

214) will be of great help to define the possible importance of post-

translational modifications of hMOB2 in the DRR.   

Given that cell survival in response to DNA damage relies on proper 

cell cycle control, the cell cycle checkpoint interpretations mentioned above 

can also help to explain why hMOB2 contributes to cell survival upon 

exposure to DNA damage. Specifically, the survival in response to ICL-

inducing agents and PARP inhibitors is of relevance in this context. 

Compared with controls, hMOB2-deficient cells challenged with ICL-inducing 



 

234 

 

drugs or PARP inhibitors very likely bypass the G1/S cell cycle checkpoint 

and therefore expose their DNA lesions to active DNA replication, which in 

turn can introduce deleterious replication-associated DSBs. We believe that 

this hypothesis is supported by the observed mitomycin C and cisplatin-

sensitivities of hMOB2-depleted cells. More specifically, mitomycin C induces 

only minimal perturbations to the DNA structure while cisplatin is one of the 

most DNA-distorting ICL agents (Williams et al., 2013). Therefore, it is 

possible that the majority of hMOB2-knockdown cells treated with mitomycin 

C, compared to those treated with cisplatin, progress into S-phase and 

thereby promote the conversion of ICL lesions into replication-associated 

DSBs that are generally repaired by HRR (Ciccia and Elledge, 2010, Deans 

and West, 2011, Kim and D'Andrea, 2012, Williams et al., 2013). As a result, 

since hMOB2-knockdown cells have significantly decreased HRR efficiency, 

cells struggle to deal with these replication-induced DSBs and consequently 

undergo apoptosis. Nevertheless, we have only begun to understand how 

hMOB2 exactly supports cell survival through cell cycle checkpoint activation 

and HRR upon exposure to DNA damage. Thus, future studies are warranted 

to understand how hMOB2 regulates and wires cell cycle checkpoints and 

HRR activities. 

Last, but not least, it is important to note that the human MOB2 gene 

appears to display loss of heterozygosity (LOH) in more than 50% of 

testicular, bladder, cervical and ovarian carcinomas as illustrated in Table 6.1 

below (Cerami et al., 2012), hence, hMOB2 might represent a novel tumour 

suppressor promoting the DDR response. For instance, approximately 50% 

of ovarian cancer cases are known to bear HRR-deficiency and display 

sensitivity to PARP inhibition (Drew, 2015). However, only a small portion of 

ovarian cancers are classified as BRCA1 or BRCA2 germline mutant 

(Venkitaraman, 2002, Walsh and Hodeib, 2016). Therefore, HRR-deficiency 

is very unlikely to be limited with germline BRCA mutations, underscoring the 

importance of discovering additional HRR components which may be utilised 

as therapeutic targets or as predictive markers for patient stratification. In this 

regard, future studies are therefore warranted to explore in yet to be 

developed animal models the consequences of MOB2 deficiency for tumour 
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formation and the response to DNA damaging treatments. Considering that 

at least 30% of cancer cell lines seem to display LOH of the MOB2 gene 

(Cerami et al., 2012), tissue culture approaches may be able to complement 

these upcoming experiments. Although hMOB2 is unlikely to serve as good 

drug target, future studies are also needed to investigate whether hMOB2 

expression may offer a means to stratify patients for ICL-forming drugs and 

PARP inhibitors, with the aim of potentially reducing the frequency of cancer 

therapy resistance (Holohan et al., 2013), in addition to further expanding our 

understanding of the role of hMOB2 in human cell biology and disease. 

Table 6-1: Copy number variations of the MOB2 locus in human cancers as 

collated in cBioPortal (Cerami et al., 2012). 

Cancer Heterozygous 
loss 

Homozygous 
loss 

Gain Amplification 

Testicular germ cell 
cancer 

91/149  

(61%) 

0 11/149  

(7.4%) 

0 

Ovarian serous 
cystadenocarcinoma
  

175/316  

(55%) 

2/316  

(0.6%) 

42/316  

(13%) 

0 

Bladder urothelial 
carcinoma 

67/127  

(53%)  

1/127  

(1%) 

11/127  

(9%) 

0 

Bladder cancer 67/127  

(52.8%) 

0 11/127  

(8.7%) 

0 

Uterine 
carcinosarcoma 

27/56  

(48%) 

1/56  

(2%) 

6/56  

(11%) 

0 

Esophageal 
carcinoma 

42/92  

(46%) 

1/92  

(1%) 

8/92  

(9%) 

0 

Melanoma 89/278  

(32%) 

0 29/278  

(10%) 

2/278  

(0.7%) 

Head and neck 
carcinoma 

87/279  

(31%) 

2/279  

(1%) 

32/279  

(11%) 

0 

Adrenocortical 
carcinoma 

27/88  

(31%) 

1/88  

(1%) 

6/88  

(7%) 

0 

Lung squamous cell 
carcinoma 

53/177  

(30%) 

1/178  

(0.6%) 

15/178  

(8%) 

0 

Breast invasive 
carcinoma 

364/1456  

(25%) 

14/1456  

(1%) 

165/1456  

(11%) 

4/1456  

(0.2%) 
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Pancreatic cancer 25/109  

(23%) 

4/109  

(4%) 

34/109  

(31%) 

15/109  

(14%) 

Sarcoma 45/207  

(22%) 

0 4/207  

(2%) 

2/207  

(1%) 

Glioblastoma 54/281  

(19%) 

3/281  

(1%) 

5/281  

(2%) 

0 

Metastatic prostate 
cancer 

28/150  

(19%) 

0 10/150  

(7%) 

0 

Brain lower grade 
glioma 

51/283  

(18%) 

11/283  

(4%) 

12/283  

(4%) 

2/283  

(1%) 

Stomach 
adenocarcinoma 

47/287  

(16%) 

0 35/287  

(12%) 

2/287  

(0.7%) 

Kidney 
chromophobe 

10/65  

(15%) 

0 15/65  

(23%) 

0 

Access date: 30 August 2016 
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